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Integrated Abstract
The amygdala and insula are highly implicated in the pathophysiology of posttraumatic stress
disorder (PTSD), where both have been shown to be hyper/hypoactive in PTSD and
dissociative subtype (PTSD+DS) PTSD patients, respectively, during symptom provocation.
However, the functional connectivity of individual amygdala and insula subregions have not
previously been compared in PTSD, PTSD+DS and healthy controls. In two separate studies,
we examined amygdala complex (chapter 2) and insula subregion (chapter 3) functional
connectivity patterns using resting-state fMRI. Patients with PTSD and PTSD+DS were
found to display unique amygdala complex functional connectivity patterns to prefrontal
cortex (PFC) regions involved in emotion regulation, in addition to regions involved in
consciousness, awareness, and proprioception. Furthermore, PTSD patients displayed
increased insula subregion connectivity to the basolateral amygdala. Differences in amygdala
complex and insula subregion connectivity were found to parallel the unique symptom
profiles of PTSD and PTSD+DS (hyper- vs. hypo-emotionality and arousal, respectively) and
point towards specific biological markers. Similarly, we investigated how amygdala complex
functional connectivity may change in response to treatment intervention (Chapter 4). Here,
alpha desynchronizing EEG neurofeedback was associated with a shift in amygdala complex
connectivity from areas implicated in defense and fear processing/memory retrieval, towards
PFC areas implicated in emotion regulation/modulation. Additionally, we sought to observe
the neurobiological effects of specifically downregulating the amygdala using real-time fMRI
neurofeedback during symptom provocation (Chapter 5). It was found that downregulating
the amygdala corresponded to increased activation in PFC regions related to emotion
regulation, which was negatively correlated to PTSD symptoms. These findings have
significant implications for developing targeted non-invasive treatment interventions for
PTSD patients that utilize EEG and real-time fMRI neurofeedback, showing evidence of
neuronal reconfiguration between areas highly implicated in the disorder. Finally, we
investigated directed connectivity patterns of the amygdala with PFC and brainstem regions
using resting-state fMRI dynamic causal modelling (Chapter 6). Here, our results suggest that
the contrasting symptom profiles of PTSD and its dissociative subtype (hyper- vs. hypoemotionality and arousal, respectively) may be driven by complementary changes in directed
i

connectivity corresponding to bottom-up defensive fear processing vs. enhanced top-down
regulation.

Keywords
Posttraumatic stress disorder, amygdala complexes, insula subregions, connectivity, fMRI,
real-time fMRI, neurofeedback, EEG, psychiatry, dynamic causal modelling.
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Chapter 1

2

1

Introduction

Individuals affected by posttraumatic stress disorder (PTSD) experience frequent
symptoms of vivid re-experiencing related to a traumatic memory, involving emotional
distress and physical reactions, as well as cognitive and behavioural avoidance, negative
affect, hyperarousal and hypervigilance (APA, 2013). The collection of studies
documented in this dissertation focus on the central theme that dysregulation of amygdala
neural circuitry is critical to the development and maintenance of symptoms experienced
by patients with PTSD (Aghajani et al., 2016; Birn, Patriat, Phillips, Germain, &
Herringa, 2014; Etkin & Wager, 2007; Lanius et al., 2010; Lanius, Frewen, Tursich,
Jetly, & Mckinnon, 2015; Mickleborough et al., 2011; Patel, Spreng, Shin, & Girard,
2012; Pitman et al., 2012; Shin & Liberzon, 2010; Stevens et al., 2013; Weston, 2014).
Critically, the overarching hypothesis of this thesis predicts that unique functional
connectivity patterns of the amygdala will be associated with specific symptom
presentations in patients with PTSD, and that normalization of this altered neural
circuitry may represent a critical treatment avenue.

1.1

PTSD and its Dissociative Subtype

The dissociative subtype of posttraumatic stress disorder (PTSD+DS) has recently been
added to the fifth revision of the Diagnostic and Statistical Manual, where 13-30% of
individuals display symptoms meeting this diagnosis (APA, 2013; Hansen, Ross, &
Armour, 2017; Lanius, Brand, Vermetten, Frewen, & Spiegel, 2012; Stein et al., 2013;
Wolf et al., 2012). Dissociation involves detachment from immediate somatic or
environmental experience, and often occurs during trauma, modulating the
psychophysiological impact of the event (Spiegel, 2012). The PTSD+DS characterizes
individuals experiencing significant emotional detachment and hypoemotionality,
including symptoms of depersonalization and derealization (although, PTSD+DS can
oscillate between symptoms of hyper- and hypo-emotionality) (APA, 2013).
Furthermore, there is significant evidence to suggest PTSD+DS is associated with several
risk factors, including genetic predispositions (Wolf et al., 2014), childhood adversity,
and childhood onset of PTSD (Stein et al., 2013).
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Interestingly, numerous studies point towards dichotomous activation patterns within the
amygdala, prefrontal cortex (PFC), anterior cingulate cortex (ACC), precuneus, and
parietal lobe in PTSD patients who exhibit dissociative responses during traumatic scriptdriven imagery or fear processing as compared to those who instead demonstrate reexperiencing symptoms (Felmingham et al., 2008; Hopper, Frewen, Sack, Lanius, & Van
Der Kolk, 2007; Lanius et al., 2002, 2005, 2010). Hence, this observation led to the
identification of two types of emotion dysregulation models among PTSD patients,
proposed to occur at baseline as well as in response to trauma reminders: emotional
undermodulation and emotional overmodulation (Lanius et al., 2010, 2012). Emotional
undermodulation consists of reliving traumatic experiences with related hyperarousal,
characteristic of the majority of PTSD patients. This behavioural response is thought to
be associated with decreased activation of PFC regions and ACC, thereby decreasing topdown inhibition of the amygdala leading to hyperactivation of the limbic system (Birn et
al., 2014; Lanius et al., 2010, 2012; Shin & Liberzon, 2010; Stevens et al., 2013). In
support of this notion, a recent study reported that hyperarousal was associated with
negative mPFC-amygdala coupling in PTSD (Sadeh, Spielberg, Warren, Miller, &
Heller, 2014).
In contrast, emotion overmodulation is associated with detachment from emotional
experience and hypoarousal involving symptoms of depersonalization and derealization,
characteristic of PTSD+DS patients (APA, 2013; Hopper et al., 2007; Lanius et al., 2010,
2012). In an antithetical fashion as compared to the majority of PTSD patients, emotional
overmodulation is thought to be mediated by increased PFC and ACC activation,
resulting in excessive top-down inhibition on the amygdala and limbic system, leading to
hypoemotionality (Lanius et al., 2010, 2012). Of importance, this framework is supported
by transdiagnostic evidence from other dissociative disorders, such as dissociative
amnesia, dissociative fugue, depersonalization disorder, dissociative identity disorder and
highly dissociative borderline personality disorder patients, in addition to dissociative
symptoms among healthy individuals [for review see (Brand, Lanius, Vermetten,
Loewenstein & Spiegel, 2012)]. Furthermore, amygdala activity has been shown to be
negatively correlated with trait dissociative symptoms during exposure to thermal pain in
PTSD patients (Mickleborough et al., 2011). Additionally, findings from a meta-analysis
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examining PTSD neuroimaging studies have demonstrated a dorsal hypoactive amygdala
region, comprising the centromedial complex (CMA; see below), which was suggested
by the authors to be related to autonomic blunting associated with emotional numbing
and dissociation (Etkin & Wager, 2007). Taken together, these findings suggest that the
amygdala may exhibit differential neuromodulation in patients with PTSD and
PTSD+DS.

1.2
Amygdala Complex Functional Connectivity and
PTSD
It is widely accepted in the PTSD field that aberrant amygdala neural circuitry is critical
to the development and maintenance of symptoms experienced by patients with PTSD.
Crucially, however, a novel study by Brown et al., (2014) reported differential restingstate functional connectivity patterns among PTSD patients as compared to controls when
examining amygdala complexes separately. Here, the basolateral amygdala (BLA), but
not the centromedial amgydala (CMA), evidenced increased connectivity to the
pregenual ACC, dorsomedial PFC, and dorsal ACC in military PTSD patients as
compared to veteran controls. These findings suggest that the BLA and CMA complexes
may exhibit unique roles in relation to PTSD symptomatology.
On balance, the amygdala can be classified into two subdivisions, forming the BLA and
CMA amygdala complexes. The BLA and CMA have differential patterns of functional
and structural connectivity, in addition to their unique roles in fear processing (Phelps,
Delgado, Nearing, & Ledoux, 2004; Roy et al., 2009), which are altered in PTSD patients
(Sripada et al., 2012a). The BLA evaluates sensory information and mediates cortical
integration of fear and other emotions (Jovanovic & Ressler, 2010). The BLA is
regulated by feedforward inhibition from the medial PFC via somatostatin connections,
with outputs to the thalamus, striatum, and PFC (Duvarci & Pare, 2014). The CMA is
involved in the execution of fear responses, with GABAergic outputs to the brainstem
and periaqueductal gray involved in descending pain modulation (Duvarci & Pare, 2014;
LeDoux, 1998). The CMA also receives thalamic projections and mediates major
nociceptive pathways (Duvarci & Pare, 2014). Interestingly, deactivation of the CMA
results in the impairment of fear expression and acquisition (Duvarci & Pare, 2014).
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Critically, no studies have compared directly patterns of amygdala complex (BLA and
CMA) resting-state connectivity in PTSD versus PTSD+DS, which is the objective of
study 1 (Chapter 2). Due to the proposed differential PFC- and ACC-mediated
inhibition of the amygdala in PTSD and PTSD+DS (attenuated inhibition and
exacerbated inhibition, respectively), connectivity between the BLA and PFC (dlPFC)
and ACC was expected to be greater in the PTSD+DS as compared to the PTSD group.
Also, as PTSD and PTSD+DS exhibit unique behavioural symptoms, connectivity of the
CMA was predicted to differ between these groups. Finally, we hypothesized altered
amygdala connectivity (BLA and CMA) to lateral and midline parietal regions involved
in consciousness, awareness, and proprioception among PTSD patients — which may
contribute to the unique symptoms observed between the two patient groups.

1.3
Insula Subregion Functional Connectivity and
PTSD
In conjunction with the amygdala, it has also been argued that the neural circuitry of the
insula – a region associated with monitoring internal bodily states, arousal, and cognitive
emotional evaluation (Cloutman, Binney, Drakesmith, Parker, & Lambon Ralph, 2012;
Craig, 2011; Critchley, Wiens, Rotshtein, Ohman, & Dolan, 2004; Menon & Uddin,
2010) – may partly underlie some of the symptoms experienced by individuals with
PTSD (Hopper et al., 2007; Lanius et al., 2010; Pitman et al., 2012; Weston, 2014).
Notably, insula activation has been positively correlated to PTSD symptoms across a
wide range of paradigm modalities, including response to script-driven imagery
(symptom provocation), response inhibition, pain perception, and fear
acquisition/extinction (Carrion, Garrett, Menon, Weems, & Reiss, 2008; Hopper et al.,
2007; Mickleborough et al., 2011; Sripada, Garfinkel, & Liberzon, 2013). Specifically,
previous studies have shown the insula to be hyperactive in response to trauma reminders
within PTSD patients (Aupperle, Melrose, Stein, & Paulus, 2012; Etkin & Wager, 2007;
Hopper et al., 2007; Mazza et al., 2013), where this pattern of neural activation has been
suggested to be related to heightened detection of bodily arousal within PTSD patients
(Pitman et al., 2012). By contrast, emerging evidence suggests that PTSD+DS and
dissociative symptoms are associated with reduced activation of the insular cortex
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(Hopper et al., 2007) and associated blunted interoception (Lanius et al., 2015). With
regard to the aforementioned dysregulation of the amygdala in PTSD, the insula and
amygdala have direct structural and functional connections (Baur, Hänggi, Langer, &
Jäncke, 2013); however, the functional connectivity of this neural pathway remains
poorly understood in PTSD. Here, Sripada et al., (2012a) found increased functional
connectivity between the insula and amygdala among PTSD patients at rest, as compared
to trauma-exposed controls. Cisler et al. (2014) also report that repeated exposure to a
traumatic memory increased connectivity between the right anterior insula and the
amygdala and hippocampus, and Fonzo et al. (2010) report decreased anterior insulaamygdala connectivity during fearful face versus neutral face matching. It is important to
note that recent reviews (Craig, 2011; Gasquoine, 2014; Kurth, Zilles, Fox, Laird, &
Eickhoff, 2010) suggest unique functions of the anterior, mid, and posterior insular
subregions. Here, each insular subregion not only displays differential structural
(Cloutman et al., 2012) and functional connectivity (Deen, Pitskel, & Pelphrey, 2011) but
has also been proposed to be involved in separate functional networks (Cauda et al.,
2011; Deen et al., 2011). On balance, the unique symptom presentation of PTSD and
PTSD+DS may in part be mediated by altered neural circuitry of both the insula and
amygdala (Hopper et al., 2007; Lanius et al., 2010; Pitman et al., 2012; Weston, 2014).
Previously, however, the functional connectivity patterns of insula subregions with
respect to PTSD and its dissociative subtype remained unexplored. Accordingly, in study
2 (Chapter 3), we compared patterns of anterior, mid, and posterior insular subregion
functional connectivity to the amygdala in PTSD, PTSD+DS and healthy controls.
Relative to controls, both patient groups were expected to show increased insula
subregion connectivity to the amygdala, as PTSD has been associated with increased
insula-amygdala connectivity at rest (Sripada et al., 2012a). Moreover, we hypothesized
that insula subregion-amygdala connectivity would be altered between PTSD and
PTSD+DS patients, displaying unique connectivity patterns across the insula subregions.

7

1.4
1.4.1

Targets for Intervention
EEG Neurofeedback and the Amygdala

With regard to therapeutically altering PTSD brain connectivity and downstream
behavioural effects, electroencephalogram (EEG) neurofeedback has been used as a noninvasive approach to plastically modulate large-scale neural networks – such as the
salience network, default mode network (DMN), and executive network (Kluetsch et al.,
2014; Ros et al., 2013) – which have been shown to be implicated in PTSD (Bluhm et al.,
2009; Daniels et al., 2010; Lanius et al., 2015; Rabellino et al., 2015; Shang et al., 2014;
Sripada et al., 2012b). Among PTSD patients, alpha desynchronizing neurofeedback was
found to induce a homeostatic “rebound” in alpha synchronization post-training that was
associated with reductions in hyperarousal (Kluetsch et al., 2014), where PTSD patients
have been shown to be characterized by decreased alpha oscillations (Huang et al., 2014).
Alpha oscillations (8-12 Hz) reflect a state of resting wakefulness, negatively correlated
to tasks requiring concentration (Nunez, Wingeier, & Silberstein, 2001) and positively
correlated to the “task-negative” DMN (Jann et al., 2009; Mantini, Perrucci, Del Gratta,
Romani, & Corbetta, 2007) – which is of particular note given that the DMN and selfreferential processing are known to be altered in patients with PTSD (Lanius et al., 2015).
Critically, recent reports suggest covariation between alpha oscillations and spontaneous
changes in the aforementioned neural networks associated with PTSD (Laufs et al., 2003;
Sadaghiani et al., 2010). As the amygdala is thought to be critical to the development and
maintenance of symptoms experienced by patients with PTSD, therapeutically altering
disrupted amygdala connectivity represents a potential adjunctive treatment avenue that
has not previously been fully explored within this psychiatric disorder. Interestingly, it
has been shown longitudinally that the amygdala becomes hyperactive as a result of
military-related combat stress and perceived threat (van Wingen, Geuze, Vermetten &
Fernandez, 2011).
Taken together, the rationale for study 3 (Chapter 4) manifests from demonstration that
EEG alpha desynchronizing neurofeedback has previously been shown to plastically alter
the neural networks implicated in PTSD, leading to acute symptom alleviation among
patients with PTSD (Kluetsch et al., 2014). As aberrant amygdala complex connectivity
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has been shown to be a central neural characteristic mediating PTSD psychopathology
(Brown et al., 2014; Lanius et al., 2010; Nicholson et al., 2015; Pitman et al., 2012;
Sripada et al., 2012a), we conducted a follow-up study investigating amygdala complex
connectivity before and after one 30-minute session of alpha desynchronizing
neurofeedback, in order to observe subcortical mechanisms associated with behavioural
and alpha oscillatory changes among PTSD patients. Firstly, we predicted increased
amygdala complex connectivity to mid-brain/brainstem areas implicated in the defense
cascade (such as the PAG) before neurofeedback. Secondly, we predicted that
neurofeedback would shift amygdala complex connectivity towards enhanced coupling
with the medial prefrontal cortex (mPFC) and emotion regulation regions (Etkin, Egner,
& Kalisch, 2011), where we hypothesized this to be a modulating mechanism underlying
reduced arousal after neurofeedback (Ros et al., 2016).

1.4.2

Real-time fMRI Neurofeedback and Amygdala
Downregulation

As PTSD symptoms of hyperarousal, hypervigilance and reliving traumatic experiences
have been shown to be associated with hyperactivation of the amygdala and
hypoactivation of emotion regulation PFC regions (Birn et al., 2014; Lanius et al., 2010,
2012; Shin & Liberzon, 2010; Stevens et al., 2013), it is apparent that downregulation of
the amygdala through recruitment of emotion regulatory resources from the PFC may
represent a potential treatment for most patients with PTSD (Doll et al., 2016; Koch et
al., 2016; but also see the dissociative subtype of PTSD). Indeed, the efficacy of EEG
neurofeedback targeting these regions has already been illustrated (Kluetsch et al., 2014;
Reiter, Andersen, & Carlsson, 2016). Here, EEG neurofeedback has been shown to
plastically modify the aforementioned neural circuitry mediating PTSD, leading to acute
symptom alleviation (Kluetsch et al., 2014). However, in contrast to EEG neurofeedback,
real-time fMRI neurofeedback (rt-fMRI-nf) offers enhanced spatial resolution thereby
increasing potential for targeted treatment. To date, however, rt-fMRI-nf has not been
utilized with PTSD patients to investigate and normalize aberrant neural
activity/connectivity.
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Rt-fMRI-nf utilizes a brain-computer interface to process and feedback real-time BOLD
signal activation in a region-of-interest (ROI) to individuals inside the scanner. Ergo,
participants are presented with online information that corresponds to their success in
regulating the ROI. Several studies have examined the capacity to regulate emotions by
targeting neurofeedback of the amygdala using rt-fMRI-nf, in healthy individuals (Brühl
et al., 2014; Keynan et al., 2016; Paret et al., 2014; Paret et al., 2016a; Zotev et al., 2011)
as well as in psychiatric populations, including borderline personality disorder (BPD)
(Paret et al., 2016b) and major depressive disorder (Young et al., 2014; Zotev et al.,
2016). Critically, with respect to emotion undermodulation from PFC regions in PTSD,
self-regulation of the amygdala as compared to sham regions via rt-fMRI-nf has been
shown to concomitantly increase activation in PFC areas involved in emotion regulation,
as well as enhance amygdala-PFC connectivity (Koush et al., 2013; Paret et al., 2014;
Paret et al., 2016a/b; Zotev et al., 2011) and amygdala-rostral ACC coupling (Zotev et al.,
2011). By contrast, using rt-fMRI-nf to target the regulation of the lateral PFC during
cognitive reappraisal resulted in decreased amygdala BOLD response (Sarkheil et al.,
2015). Interestingly, in a feasibility rt-fMRI amygdala downregulation study involving
three patients with PTSD (Gerin et al., 2016) patients reported an acute decrease in
symptoms along with a concatenate normalization of brain connectivity, albeit, explicit
amygdala downregulation was not reported.
Taken together, the aim of study 4 (Chapter 5) was therefore to investigate the ability of
PTSD patients to self-regulate PTSD-related emotional states by utilizing rt-fMRI-nf to
downregulate the amygdala. An additional objective was to better understand the neural
connectivity underlying PTSD psychopathology, extending the work presented in
chapters 2, 3, and 4 of this dissertation. We predicted that exposure to personalized
trauma words while downregulating the amygdala would recruit prefrontal emotion
regulation regions (dorsolateral and ventrolateral) (Etkin et al., 2015) as compared to
simply viewing personalized trauma words. Moreover, we predicted that during
neurofeedback training, amygdala connectivity to the same PFC regions would be
strengthened. Finally, we predicted that activation of the PFC, rostral ACC and insula
would be correlated to state PTSD symptoms during neurofeedback training.
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1.5
Directed Connectivity Within PTSD Neural
Architecture
Previous chapters in this dissertation have investigated the undirected functional
connectivity of the neural architecture underlying PTSD. Of importance, differential
patterns of resting-state functional connectivity between the amygdala and PFC (Brown
et al., 2014; Nicholson et al., 2015), as well as of the periaqueductal gray (PAG)
(Harricharan et al., 2016; Thome et al., 2016), a midbrain region involved in defense
(fight-or-flight) and emotional coping responses (Bandler, Keay, Floyd, & Price, 2000;
Linnman, Moulton, Barmettler, Becerra, & Borsook, 2012), have been observed in
PTSD, PTSD+DS, and healthy controls. Specifically, PTSD+DS was associated with
increased amygdala subregion resting-state functional connectivity with PFC emotion
regulation regions, which may parallel increased top-down inhibition in this group
(Nicholson et al., 2015). Moreover, as compared to controls, PTSD patients display
widespread PAG connectivity with regions involved in defensive responses and
emotional reactivity, suggesting exacerbated defensive reactions at rest likely reflective
of instinctual hypervigilant tendencies in preparation for threat (Harricharan et al., 2016;
Thome et al., 2016). With regard to cortical-limbic-brainstem pathways, in healthy
individuals. It has been proposed that as threat approaches and is perceived as more
imminent, neural processing shifts from higher-order vmPFC fear regulation sites
towards more primitive automatic emotion/defensive regions, such as the PAG and
amygdala (Mobbs, Petrovic, et al., 2009; Mobbs et al., 2010; 2007).
Taken together, a deeper understanding of the directed connectivity among the vmPFC,
amygdala, and PAG is required given their aforementioned functioning in fear/defense
circuits (Mobbs et al., 2010; Mobbs, Marchant, et al., 2009; Mobbs, Petrovic, et al., 2009)
in PTSD. Here, the vmPFC, amygdala complexes, and the PAG have rich structural and
functional connections with each other (Bandler et al., 2000; Etkin, Büchel, & Gross,
2015; LeDoux, 2007; Linnman et al., 2012); however, the directionality of these complex
connections has yet to be elucidated in PTSD, PTSD+DS, and healthy controls.
Stochastic dynamic causal modeling (sDCM) (Friston, Harrison, & Penny, 2003; Li et al.,
2011) is a procedure for estimating directed or effective connectivity from resting-state
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fMRI data, which allows for the comparison of different functional architectures (Penny,
Stephan, Mechelli, & Friston, 2004). Importantly, DCM estimates directed connections at
the level of neuronal coupling – as opposed to (undirected) functional connectivity based
upon hemodynamic fluctuations.
Hence, the purpose of study 5 (Chapter 6) was to uncover effective (directed) restingstate connectivity between the vmPFC, amygdala subregions, and the PAG, among PTSD
patients, PTSD+DS, and healthy controls using separate sDCM analyses for each node
pair. Our motivation for this approach was to focus on the hierarchical coupling between
pairs of nodes, while allowing for any top-down or bottom-up effective connectivity to be
mediated directly or indirectly via nodes not included in the DCM. Here, our aim was to
inform future, more complex/elaborate models of fear and emotion circuitry related to
PTSD. Within the PTSD group, we predicted predominant ascending or bottom-up
connectivity from the PAG to the amygdala and vmPFC – and from the amygdala to the
vmPFC. Ascending connections are responsible for conveying fear inputs and driving
defensive responses and thus may mediate chronic hyperarousal in this group. By
contrast, we predicted predominantly descending or top-down connectivity from the
vmPFC to the amygdala and PAG – and from the amygdala to PAG – among PTSD+DS,
a pattern corresponding to increased top-down inhibition/modulation of limbic and
defense regions (Lanius et al., 2010).
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2

The Dissociative Subtype of Posttraumatic Stress
Disorder: Unique Resting-State Functional Connectivity
of Basolateral and Centromedial Amygdala Complexes1

2.1

Abstract

Previous studies point towards differential connectivity patterns among basolateral
(BLA) and centromedial (CMA) amygdala regions in patients with posttraumatic stress
disorder (PTSD) as compared to controls. Here, we describe the first study to compare
directly connectivity patterns of the BLA and CMA complexes between PTSD patients
with and without the dissociative subtype (PTSD+DS and PTSD-DS, respectively).
Amygdala connectivity to regulatory prefrontal regions and parietal regions involved in
consciousness and proprioception were expected to differ between these two groups
based on differential limbic regulation and behavioural symptoms. PTSD patients (n =
49), with (n = 13) and without (n = 36) the dissociative subtype, and age-matched healthy
controls (n = 40) underwent resting-state fMRI. Bilateral BLA and CMA connectivity
patterns were compared using a seed-based approach via SPM Anatomy Toolbox.
Among patients with PTSD, the PTSD+DS group exhibited greater amygdala functional
connectivity to prefrontal regions involved in emotion regulation (bilateral BLA and left
CMA to the middle frontal gyrus and bilateral CMA to the medial frontal gyrus) as
compared to the PTSD-DS group. In addition, the PTSD+DS group showed greater
amygdala connectivity to regions involved in consciousness, awareness, and
proprioception –implicated in depersonalization and derealization (left BLA to superior
parietal lobe and cerebellar culmen; left CMA to dorsal posterior cingulate and
precuneus). Differences in amygdala complex connectivity to specific brain regions

1

Chapter 2 is modified from its published format as: Nicholson, A.A., Densmore, M., Frewen, P.A.,
Théberge, J., Neufeld, R.W., McKinnon, M.C., & Lanius, R.A. (2015). The dissociative subtype of
posttraumatic stress disorder: Unique resting-state functional connectivity of basolateral and centromedial
amygdala complexes. Neuropsychopharmacology: Official Publication of the American College of
Neuropsychopharmacology, 40(10), 2317-2326. doi:10.1038/npp.2015.79
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parallel the unique symptom profiles of the PTSD subgroups and point towards unique
biological markers of the dissociative subtype of PTSD.

2.2

Introduction

The dissociative subtype of posttraumatic stress disorder (PTSD+DS) – exhibited by 1330% of PTSD patients – has recently been added to the fifth revision of the Diagnostic
and Statistical Manual (APA, 2013; Lanius, Brand, Vermetten, Frewen, & Spiegel 2012;
Stein et al., 2013; Steuwe, Lanius, Frewen & 2012; Wolf et al., 2012). In addition to
genetic predispositions associated with the emergence of PTSD+DS (Wolf et al., 2014),
epidemiological evidence points to several risk factors also associated with PTSD+DS,
including prior trauma, childhood adversities, and childhood onset of PTSD (Stein et al.,
2013).
Numerous studies point towards differential patterns of neural activation of the amygdala,
prefrontal cortex (PFC), anterior cingulate cortex (ACC), precuneus, and parietal lobe in
PTSD patients who exhibit dissociative responses during traumatic script-driven imagery
or fear processing as compared to those who instead demonstrate re-experiencing
symptoms (Felmingham et al., 2008; Hopper et al., 2007; Lanius et al., 2002; 2005;
2010a). This observation led to the identification of two types of emotion and amygdalar
dysregulation among PTSD patients, proposed to occur at baseline as well as in response
to trauma reminders: undermodulation and overmodulation (Lanius et al., 2010b; 2012).
Emotional undermodulation consists of reliving traumatic experiences with related
hyperarousal, characteristic of non- dissociative PTSD patients (PTSD-DS). This
behavioural response is associated with decreased activation of PFC regions and ACC,
thereby decreasing top-down inhibition of the amygdala and leading to hyperactivation of
the limbic system (Lanius et al., 2010b; 2012; Shin et al., 2005; Shin & Liberzon, 2010;
also see Birn, Patriat, Phillips, Germain & Herringa, 2014; Stevens et al., 2013; Yan et
al., 2014). Here, Lévesque et al. (2003) report increased activation within the right
dorsolateral prefrontal cortex (dlPFC) when healthy participants were asked to suppress
negative emotions that were associated with increased amygdala activity. Similarly,
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Banks et al. (2007) show that the dlPFC exhibits connectivity to the amygdala when
healthy participants were asked to regulate negative affect, suggesting top down PFC
inhibition of the amygdala. A recent study has also reported that hyperarousal is
associated with negative mPFC-amygdala coupling in PTSD (Sadeh et al., 2014). In
contrast to emotional undermodulation, overmodulation is associated with emotional
detachment and hypoarousal involving symptoms of depersonalization and derealization
characteristic of PTSD+DS. Emotional overmodulation is thought to be mediated by
increased PFC and ACC activation, resulting in excessive top-down inhibition of the
amygdala (Lanius et al., 2010b; 2012). Right amygdala activity has also been shown to
be negatively correlated with trait dissociative symptoms during exposure to thermal pain
in PTSD patients (Mickleborough et al., 2011). Additionally, findings from a metaanalysis examining neuroimaging findings in PTSD have demonstrated a dorsal
hypoactive amygdala region, comprising the centromedial complex (CMA; see below),
which was suggested by the authors to be related to autonomic blunting associated with
emotional numbing and dissociation (Etkin & Wagner, 2007). Taken together, these
findings suggest that the amygdala may exhibit differential neuromodulation in
PTSD+DS and PTSD-DS.
The amygdala can be classified into two subdivisions, forming the basolateral (BLA) and
CMA amygdala complexes. The BLA and CMA have differential patterns of functional
and structural connectivity, in addition to unique roles in fear processing (Phelps,
Delgado, Nearing & LeDoux, 2004; Roy et al., 2007), which are altered in PTSD patients
(Milad, 2014; Sripada et al., 2012). The BLA evaluates sensory information and mediates
cortical integration of fear and other emotions (Jovanovic & Ressler, 2010). The BLA is
regulated by feedforward inhibition from the medial PFC via somatostatin connections,
with outputs to the thalamus, striatum, and PFC (Duvarci & Pare, 2014). The CMA is
involved in the execution of fear responses, with GABAergic outputs to the brainstem
and periaqueductal gray involved in descending pain modulation (Duvarci & Pare, 2014;
LeDoux, 1998; Milad, 2013). The CMA also receives thalamic projections and mediates
major nociceptive pathways (Duvarci & Pare, 2014). Notably, deactivation of the CMA
results in the impairment of fear expression and acquisition (Duvarci & Pare, 2014).
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A novel study by Brown et al. (2014) reported differential resting-state connectivity of
the BLA but not the CMA between military-trauma exposed PTSD patients and veteran
controls, where the PTSD group showed greater connectivity to the pregenual ACC,
dorsomedial PFC, and dorsal ACC, and controls showed stronger connectivity to the left
inferior frontal gyrus. These findings suggest that the BLA and CMA complexes may
exhibit unique roles in relation to PTSD symptomatology.
Critically, no studies have compared directly patterns of amygdala complex (BLA and
CMA) resting-state connectivity in PTSD+DS versus PTSD-DS, which is the objective of
the current study. Due to the proposed differential PFC- and ACC-mediated inhibition of
the amygdala in PTSD+DS and PTSD-DS (exacerbated inhibition and attenuated
inhibition, respectively), connectivity between the BLA and PFC (dlPFC) and ACC was
expected to be greater in the PTSD+DS as compared to the PTSD-DS group. Moreover,
given that patients with PTSD+DS and PTSD-DS exhibit unique behavioural symptoms,
connectivity of the CMA was predicted to differ between these groups. Finally, we
hypothesized altered amygdala connectivity (BLA and CMA) to lateral and midline
parietal regions involved in consciousness, awareness, and proprioception among PTSD
patients — which may contribute to the unique symptoms observed between the two
patient groups.

2.3
2.3.1

Methods
Participants

Participants were recruited between 2009 to 2013 from the Department of Psychiatry
London Health Services Center (LHSC), through family physicians, mental health
professionals, psychology/psychiatric clinics, community programs for traumatic-stress
survivors, and posters/advertisements, all within the London, ON community. The
sample consisted of 49 PTSD patients and 40 age-matched healthy controls (demographic
and clinical information are summarized in Table 1). Exclusion criteria for all
participants included: any implants or metal that do not comply with 3T fMRI safety
standards, a history of head injury with any loss of consciousness, significant untreated
medical illness, a history of neurological disorders, a history of any pervasive
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developmental disorders, pregnancy, and current use of any psychotropic or
cardiovascular medications within one month prior to the study. The exclusion criteria for
PTSD patients included: history of bipolar disorder or schizophrenia, alcohol or
substance dependence/abuse not in sustained full remission within 6 months prior to
participation in the study. Exclusion criteria for the control group consisted of current or
past Axis-I or Axis-II disorders. Participants were assessed using the DSM-IV Structured
Clinical Interview (SCID) (First, 1997), the Clinical Administered PTSD Scale (CAPS)
(Blake et al., 1995), Beck’s Depression Inventory (BDI) (Beck, Guth, Steer & Ball,
1997), and the Childhood Trauma Questionnaire (CTQ) (Bernstein et al., 2003).
Additionally, the Multiscale Dissociation Inventory (MDI) (Briere, Weathers & Runtz,
2005) was administered which is a standard 30-item test of 6 types of dissociative
responses: Disengagement (DENG), Depersonalization (DEPR), Derealization (DERL),
Emotional Constriction (ECON), Memory Disturbance (MEMD), and Identity
Dissociation (IDDIS). All PTSD participants met criterion A in the DSM-IV and had a
CAPS score of greater than 50. To be classified as PTSD+DS, PTSD patients required a
score of at least 2 on both frequency and intensity for either the CAPS depersonalization
or derealization items, a conservative standard method of DSM-IV PTSD+DS
characterization (Steuwe et al., 2012), which restricts false positives. All scanning took
place at the Robarts Research Institute’s Center for Functional and Metabolic Mapping in
London, Ontario, Canada. The research ethics board at the University of Western Ontario
approved the current study, and all participants provided written informed consent (see
Appendix A).
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Table 2-1: Demographic and Clinical Information

2.3.2

fMRI Data Acquisition

Functional images were collected using a 3.0 T, whole-body MRI scanner (Magnetom
Tim Trio, Siemens Medical Solutions, Erlangen, Germany) with the manufacturer’s 32channel phased array head coil. BOLD fMRI images were acquired with the
manufacturer’s standard gradient-echo EPI pulse sequence (single-shot, blipped-EPI,
interleaved slice acquisition order and tridimensional prospective acquisition correction).
Participants’ heads were immobilized with foam padding within the head coil. EPI
volumes were acquired with 2 mm isotropic resolution with the following parameters:
FOV = 192 mm X 192 mm X 128mm (94 x 94 matrix, 64 slices), TR/TE = 3000 ms/ 20
ms, flip angle = 90°, 120 volumes. Participants were asked to close their eyes, relax and
let their minds wander during the 6-minute (120-volume) scan. After the scan,
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participants were asked whether they had been able to comply with the instructions and
whether they felt as though they had drifted out of wakefulness (all participants had been
able to comply with the instructions, and no participant reported having drifted out of
wakefulness).

2.3.3

fMRI Data Preprocessing

Image preprocessing and statistical analyses were conducted using Statistical Parametric
Mapping (SPM8 and SPM12, Wellcome Department of Neurology, London,
UK:hhtp://www.fil.ion.ucl.ac.uk/spm) within Matlab 8.3 (The Mathworks Inc., MA). For
each participant, all functional images were realigned to the first image in the series,
resliced, and mean functional images were created. Functional images were further
motion corrected using the ART software (Gabrieli Lab. McGovern Institute for Brain
Research, Cambridge, MA), which computes motion outlier regressors to be used in the
1st level analysis as a covariate of no interest. Movement did not differ between
participant groups based on SPM and ART parameters. The images were then spatially
normalized. The mean image was co-registered to the SPM EPI template and the
resulting deformation matrix was applied to the functional images. All images were then
smoothed using a 6mm full-width-half-maximum isotropic Gaussian filter. Band-pass
filtering was conducted using successive application of a high-pass and low-pass filter
with frequency cut-offs of 0.012 Hz and 0.1 Hz respectively (in-house software by coauthor Jean Théberge). Seed region-of-interest masks were created using SPM’s
Anatomy Toolbox (Eickhoff et al., 2005) featuring cytoarchitectonically-based
probability maps of the amygdala. Connectivity correlations were standardized using a
Fisher Z transformation in SPM8.

2.3.4

Statistical Analyses

Subject-level analyses were conducted separately for each amygdala ROI. For each
participant, a mean signal intensity time course was extracted from SPM’s Anatomy
Toolbox for each of four seed regions (bilateral BLA and bilateral CMA) and then used
as a regressor in a correlation analysis with the whole-brain resting scan data for that
participant. Connectivity is thus indicative of a correlation between amygdala seed
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regions and other brain areas. Both positive correlations and anti-correlations were
examined. A whole-brain 3 (group) × 2 (complex) full- factorial analysis of variance
(ANOVA) was conducted in the second level analyses. The between-group factor
consisted of 3 levels: PTSD+DS, PTSD-DS, and controls, and the within-group factor
consisted of 2 levels: BLA and CMA. The variance for the between-group factor was set
to unequal in order to account for the unequal sample size (Milligan et al., 1987). Here, a
restricted maximum likelihood adjustment was made to the degrees of freedom during
inference, using weighted least squares to produce Gauss-Markov estimators. The group
× complex interaction yielded 8 significant (FWE-corrected p < .05, k = 10) gray matter
clusters (see Table 2 for ANOVA results). Follow-up comparisons for the 8 coordinates
meeting the above error rate protection were then conducted examining connectivity
values in one- and two-sample t-tests. Follow-up analyses utilized p-uncorrected < .005 k
= 10, as following the suggestion of Lieberman and Cunningham (2009) to balance the
relative risk of Type I versus II error rates. One-sample within-group analyses were
conducted for each PTSD patient group and control group, individually for each
amygdala seed region. Two-sample between-group contrasts were explored for each seed
region, comparing both PTSD patient groups, and each patient group to the control group.
Similarly, bilateral dlPFC coordinates were specified a-priori and used to conduct small
volume correction analyses with an 8-mm radius sphere (MNI x,y,z, = 36, 25, 30:
Lévesque et al, 2003; MNI x,y,z, = 48, 28, 36, and -12, 22, 60: Banks et al., 2007)
(FWE-corrected p < .05 k = 10). This region was chosen as the model postulated by
Lanius et al. (2010) hypothesizes that PFC regions exhibit differential top down
inhibition in PTSD+DS versus PTSD-DS. Critically, Lévesque et al. (2003) report
increased activation within the right dlPFC when participants were asked to voluntarily
suppress negative emotion – where negative emotion was associated with increased
amygdala activation. Banks et al. (2007) show that bilaterally the dlPFC exhibits
connectivity to the amygdala when participants were asked to regulate negative affect.
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Table 2-2: Full Factorial ANOVA 3(Group) × 2(Complex)

Baseline amygdala activity was also compared across groups for each seed to avoid
potential confounding factors when drawing inferences about activity correlations. This is
important as differences in connectivity between groups may be driven by the unique
baseline activity of the seed region (see Appendix B Supplemental Material). To measure
baseline amygdala complex activity, mean signal intensity time courses were extracted
for each amygdala seed on the participant level to compare across groups. In addition,
clinical variables CAPs, CTQ, MDI, and BDI were compared across groups. One-way
independent analyses of variance (ANOVAs) were used to compare baseline amygdala
activity and clinical variables (see Appendix B Supplemental Material for statistics
protocol). Furthermore, subscale MDI depersonalization and derealization items were
averaged for each participant and evaluated as a predictor of amygdala connectivity in a
multiple regression including data from all PTSD (PTSD-DS and PTSD+DS) patients,
examining the 8 FWE-corrected clusters reported from the group × complex interaction
and coordinates from the dlPFC a-priori region-of-interest.

2.4
2.4.1

Results
Clinical Variables and Baseline Amygdalar Activity

All clinical variables (CAPS, BDI, CTQ, and MDI) yielded significant values for
Levene’s test of homogeneity of variance (means and standard deviations are presented in
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Table 1, statistics are presented in Table 3). Via Games-Howell comparisons, no
significant differences were found between PTSD+DS and PTSD-DS groups in regard to
CAPS, BDI, and CTQ scores. MDI scores were significantly higher in the PTSD+DS as
compared to PTSD-DS group. MDI and CTQ scores were higher in the PTSD+DS and
PTSD-DS group as compared to the control group. There were no between-patient group
differences in baseline amygdala activity (see Appendix B Supplemental Results: Table
s5 for means and standard deviations, Table s6 for statistical details) and, therefore,
connectivity comparisons between patient groups could be interpreted with confidence in
this regard.
Table 2-3: Clinical Variables

2.4.2

One-Sample Functional Connectivity Within the Dissociative
Subtype, Non-Dissociative PTSD and Control Groups

Resting-state activity in the BLA and CMA predicted widespread activation in multiple
cortical and subcortical regions within all participant groups for both the coordinates
extracted from the ANOVA interaction and the a-priori dlPFC region. These results
generally replicated findings by Brown et al., (2014) and Roy et al., (2009). As they are
not the main focus of the current study, within-group data are reported in Supplemental
Results (see Appendix B, Tables s1, s2, s3). There were no significant anti-correlations
for within-group connectivity maps.
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2.4.3

Dissociative Subtype and Non-dissociative PTSD Group
Differences in Functional Connectivity

When examining connectivity values from the ANOVA interaction coordinates, the
PTSD+DS group showed greater functional connectivity between the left BLA and the
left superior parietal lobe (SPL) (BA 5), and the left culmen of the cerebellum (Figure 1a;
Table 4a) as compared to the PTSD-DS group. The PTSD+DS also showed greater
functional connectivity between the left CMA and the left dorsal posterior cingulate (BA
24), left medial frontal gyrus (BA6), and the left precuneus (BA 7) (Figure 1c), while the
right CMA showed greater functional connectivity to the left medial frontal gyrus (BA
32) (Figure 1d) as compared to the PTSD-DS group. The PTSD-DS group did not show
any significantly greater connectivity patterns to any of the amygdala complexes as
compared to the PTSD+DS group.
In addition, when examining the dlPFC a-priori region, the PTSD+DS group showed
greater functional connectivity between both the left and right BLA and the right middle
frontal gyrus (BA 9) (Figure 1a and 1b; Table 4b). The PTSD+DS group also showed
greater connectivity between the left CMA and the right middle frontal gyrus (BA 9)
(Figure 1c).

37

Figure 2-1: Increased amygdala complex functional connectivity in the dissociative
subtype.
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Figure 1. a) Brain areas representing greater connectivity to the left basolateral amygdala within PTSD+DS
as compared to PTSD-DS; b) Brain areas representing greater connectivity to the right basolateral
amygdala within the PTSD+DS as compared to PTSD-DS; c) Brain areas representing greater connectivity
to the left centromedial amygdala within PTSD+DS, as compared to PTSD-DS; d) Brain areas representing
greater connectivity to the right centromedial amygdala within PTSD+DS as compared to PTSD-DS.
Statistical threshold p < .005 uncorrected, k = 10 for all 2-sample t-tests. Abbreviations: PTSD+DS=
dissociative subtype posttraumatic stress disorder group PTSD-DS = non-dissociative posttraumatic stress
disorder group, BLA = basolateral amygdala, CMA = centromedial amygdala, PCC = posterior cingulate
cortex. * Indicates the a-priori region-of-interest analysis.

Table 2-4: Dissociative Subtype and Non-dissociative subtype PTSD Between-Group
Connectivity Differences

2.4.4

MDI Correlations to Functional Connectivity Within PTSD
Patients

Higher depersonalization and derealization MDI scores predicted increased connectivity
between the left BLA and right middle frontal gyrus – a region showing one of the
strongest between- patient group differences in connectivity in the main analysis (see
Table 5).
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Table 2-5: Subscale MDI Depersonalization and Derealization Correlation to PTSD
Amygdala Connectivity

2.4.5

Control Group and PTSD Patient Group Differences in
Functional Connectivity

When investigating between-group BLA and CMA functional connectivity, widespread
cortical and subcortical differences were found when comparing the control group to both
the PTSD+DS and PTSD-DS groups, for both the coordinates extracted from the
ANOVA interaction and a- priori dlPFC region. Control group comparisons are similarly
reported in Supplemental Results (see Appendix B, Table s4).

2.5

Discussion

The primary aim of the present study was to compare connectivity patterns of the BLA
and CMA complexes between individuals exhibiting PTSD+DS and PTSD-DS. As
compared to the PTSD-DS group, the PTSD+DS group exhibited greater amygdala
functional connectivity to prefrontal regions involved in emotion regulation (bilateral
BLA and left CMA to the middle frontal gyrus and bilateral CMA to the medial frontal
gyrus). In addition, the PTSD+DS group showed greater amygdala connectivity to
regions involved in consciousness, awareness, and proprioception (left BLA to superior
parietal lobe and cerebellar culmen; left CMA to dorsal posterior cingulate and
precuneus) as compared to the PTSD-DS group.
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In keeping with our hypotheses, we found increased functional connectivity between the
amygdala and PFC regions in PTSD+DS as compared to PTSD-DS. This finding is in
line with the proposed increased versus decreased PFC inhibition of limbic regions in
PTSD+DS versus PTSD-DS, respectively (Lanius et al., 2010b). There was also greater
connectivity in the PTSD+DS group between both bilateral BLA and left CMA to the
right middle frontal gyrus and between bilateral CMA and the left medial frontal gyrus as
compared to the PTSD-DS group. This parallels previous findings in terms of structural
connectivity of the BLA, which projects outputs to the PFC and receives feedforward
somatostatin inhibition from cortical inputs (Duvarci and Pare, 2014). Etkin et al. (2011)
suggest that there is an imperfect separation of function in ventral and lateral PFC with
regard to appraisal/expression and regulation of emotion, respectively. Group differences
in amygdala connectivity with the middle and medial frontal gyri in the present study
may therefore underlie emotional appraisal/expression and/or regulation. Previously,
Lévesque et al. (2003) also report that the lateral portion of the right dlPFC is associated
with the voluntary suppression of negative emotion when healthy participants were asked
to suppress sadness, where increased sadness was associated with activation in the
amygdala. In a connectivity analysis by Banks et al. (2007), prefrontal dorsolateral and
dorsomedial cortices, as well as ACC, showed increased connectivity to the amygdala
when healthy participants were asked to regulate their negative affect, suggesting topdown inhibition of the amygdala. Notably, a recent meta-analysis suggests that the
supplementary motor area may mediate dlPFC emotion regulatory effects on the
amygdala (Kohn et al., 2014). Finally, it is worth noting that in the present study, the
PTSD+DS group did not display increased connectivity between the BLA and the ACC,
as we had hypothesized based on the Lanius et al. (2010b) model. Future studies will
therefore be required to determine whether the presence of an emotional stimulus (as
opposed to resting state) will lead to altered amygdala-ACC connectivity in PTSD+DS.
We had further hypothesized that there would be altered between-group connectivity
patterns with regard to the BLA and CMA and parietal regions responsible for regulating
consciousness, awareness, and proprioception – phenomena central to depersonalization
and derealization experiences. The PTSD+DS group showed greater connectivity as
compared to the PTSD-DS group between the left BLA and the left SPL. The SPL is
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involved in spatial orientation and is characterized by visual and sensory inputs (Wolbers,
Weiller & Büchel, 2003), where damage to the SPL results in astereognosis – the
inability to recognize objects through touch (Davis et al., 2006). The SPL also plays a
significant role in motor imagery, monitoring of imagined limb configuration, and
proprioception (Wolbers et al., 2003). Increased connectivity between the BLA (which
mediates cortical integration of fear and emotional responses) and the SPL may therefore
be directly related to symptoms of depersonalization, where alterations in SPL function
may occur during an out-of-body experience and would thus need to be integrated by the
BLA.
Additionally, the PTSD+DS group displayed greater connectivity between the left CMA
and the precuneus as compared to the PTSD-DS group. The precuneus has been shown to
be involved in first-person perspective taking, consciousness, and self-related mental
representations during rest (Cavanna & Trimble, 2006). This finding parallels our
hypotheses, where those functions subtending consciousness and formation of
perspective are likely altered in depersonalization responses, characteristic of PTSD+DS.
In support of this finding, Medford et al. (2006) report altered precuneus activity in
depersonalization disorder patients as compared to healthy controls when preforming an
emotional verbal memory task.
The dorsal PCC also showed greater functional connectivity with the left CMA in the
PTSD+DS group as compared to the PTSD-DS group. Generally, the PCC has been
shown to be associated with visuospatial orientation that is mediated through its extensive
parietal lobe connections and assessment of self-relevant sensations (Vogt, 2005), and
recently, it has been suggested that the dorsal PCC is involved in conscious, awareness,
and attention (Leech & Sharp, 2014). Moreover, the dorsal PCC is implicated in orienting
the body toward innocuous and noxious somatosensory stimuli, and mediates
nociception, the encoding and processing of harmful stimuli (Vogt, 2005). This also
parallels previous structural findings suggesting the CMA to be implicated in major
nociceptive pathways (Duvarci & Pare, 2014). Therefore, the PTSD+DS group may
encode harmful stimuli and traumatic experiences in a unique, i.e. detached way.
Notably, the mid-cingulate cortex is very close to the dorsal PCC coordinate reported in
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the current study and is involved in reward value of behavioural outcomes during
performance of cognitive tasks (Vogt, 2005). Thus, through the encoding of reward, the
brain may characterize dissociation as an adaptive response that mitigates overwhelming
experience via emotional detachment. On balance, the current results suggest that the
orchestration of fear responses via connectivity between the CMA and dorsal PCC may
be unique in PTSD+DS patients, where self-relevant sensations, consciousness,
awareness, and attention may be altered in dissociative states. These findings are
consistent with results previously reported by Lanius et al. (2005) in which PCC activity
was greater in PTSD patients who showed depersonalization/derealization responses
during traumatic recall relative to those PTSD patients who exhibited flashback/re-living
symptoms.
Finally, the left BLA displayed increased connectivity between the culmen of the
cerebellum in the PTSD+DS group as compared to the PTSD-DS group. The cerebellum
has been previously shown to be involved in proprioception – the perception of limb
configuration. Therefore, increased connectivity to the BLA may be important for
integrating culmen functions of imagined limb configuration during PTSD+DS
symptoms of depersonalization.
The between PTSD patient group comparisons in the current study revealed BLA
connectivity to similar prefrontal brain regions reported by Brown et al. (2014), albeit the
current study does not report group differences to the ACC, and Brown et al. (2014) do
not report any between group differences in CMA connectivity. These connectivity
differences between studies may be due to the use of trauma-exposed control participants
in Brown et al.’s (2014) study as opposed to healthy controls in the current study and/or
to different types of trauma exposure (military versus civilian). Most importantly, it is not
clear whether the Brown et al. (2014) study included patients with PTSD+DS.
Several limitations of the current study are worth noting. Seed-based analyses have
revealed significant sex-related differences in amygdala functional connectivity such that
the amygdala exhibits greater functional connectivity at rest among females to the
subgenual PFC and hypothalamus, when compared to males (Kilpatrick, Weiller &
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Büchel, 2006). Considering that the current sample is 75% female, the results may be
biased towards the detection of differences in connectivity to prefrontal regions and may
not be as sensitive to alterations in amygdala connectivity characteristic of males. In
addition, the current study utilizes the DSM-IV CAPS as a diagnostic criteria for
PTSD+DS. Subsequent studies should replicate the current findings using DSM-5
diagnostic criteria. Dynamic causal modeling should also be conducted in order to
ascertain amygdala connectivity directionality in both PTSD groups in larger samples
(see Chapter 6). It is also critical to note that our analyses do not provide information on
whether connectivity is inhibitory or excitatory. Moreover, cardiac and respiratory
physiological-related changes in BOLD signal were not corrected for. There is a mixed
consensus in the field of functional connectivity regarding the need to correct for cardiac
and respiratory-related changes in BOLD signal (Birn, Diamond, Smith & Bandettini,
2006; Birn, Murphy & Bandettini, 2008; Birn, Murphy, Handwerker & Bandettini, 2009;
2012; Cordes et al. 2001) – which is also reflected in the PTSD literature –where some
studies remove physiological noise (e.g., Roy et al., 2009; Sripada et al., 2012) and others
do not (e.g., Brown et al., 2014; Philip et al., 2013). Finally, future studies will need to
examine how amygdala connectivity may change over the course of PTSD and treatment
(see Chapter 4 and 5), and also elucidate connectivity differences in response to
emotional/traumatic triggers.
In conclusion, the results of the current study suggest unique amygdala connectivity of
both the BLA and CMA complexes among individuals with PTSD and the dissociative
subtype. Differences in amygdala complex connectivity to specific brain regions parallel
unique symptoms of trauma within this PTSD group. Amygdala complex resting state
connectivity may serve as a biological marker for PTSD+DS, and the identification of
specific patterns of BLA and CMA connectivity may help to further characterize PTSD
patient groups. Critically, these findings emphasize the importance of employing a
heterogeneous conceptualization of PTSD patient groups when designing neurobiological
and clinical studies – as opposed to studying one amalgamated patient group. Moreover,
our results may point to unique treatment avenues for various types of PTSD patients,
such as using neurofeedback via real-time fMRI to mediate different connectivity
patterns. Such studies are currently underway in our laboratory.
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3

Unique Insula Subregion Resting-State Functional
Connectivity with Amygdala Complexes in
Posttraumatic Stress Disorder and its Dissociative
Subtype2
3.1

Abstract

The insula and amygdala are implicated in the pathophysiology of posttraumatic stress
disorder (PTSD), where both have been shown to be hyper/hypoactive in non-dissociative
(PTSD-DS) and dissociative subtype (PTSD+DS) PTSD patients, respectively, during
symptom provocation. However, the functional connectivity between individual insula
subregions and the amygdala has not been investigated in persons with PTSD, with or
without the dissociative subtype. We examined insula subregion (anterior, mid, and
posterior) functional connectivity with the bilateral amygdala using a region-of-interest
seed-based approach via PickAtlas and SPM8. Resting-state fMRI was conducted with
(n=61) PTSD patients (n=44 PTSD-DS; n=17 PTSD+DS), and (n=40) age-matched
healthy controls. When compared to controls, the PTSD-DS group displayed increased
insula connectivity (bilateral anterior, bilateral mid, and left posterior) to basolateral
amygdala clusters in both hemispheres, and the PTSD+DS group displayed increased
insula connectivity (bilateral anterior, left mid, and left posterior) to the left basolateral
amygdala complex. Moreover, as compared to PTSD-DS, increased insula subregion
connectivity (bilateral anterior, left mid, and right posterior) to the left basolateral
amygdala was found in PTSD+DS. Depersonalization/derealization symptoms and PTSD
symptom severity correlated with insula subregion connectivity to the basolateral
amygdala within PTSD patients. This study is an important first step in elucidating
patterns of neural connectivity associated with unique symptoms of arousal/interoception,

2

Chapter 3 is modified from its published format as: Nicholson, A.A., Sapru, I., Densmore, M., Frewen,
P.A., Théberge, J., Neufeld, R.W., McKinnon, M.C., & Lanius, R.A. (2016). Unique insula subregion
resting-state functional connectivity with amygdala complexes in posttraumatic stress disorder and its
dissociative subtype. Psychiatry Research: Neuroimaging, 250, 61-72
See Appendix C for reprint permission.

53

emotional processing, and awareness of bodily states, in PTSD and its dissociative
subtype.

3.2

Introduction

It has been argued that the neural circuitry of the insula – a region associated with
monitoring internal bodily states, arousal, cognitive emotional evaluation (Cloutman et
al., 2012; Craig, 2011; Critchley et al., 2004; Menon & Uddin, 2010), and the processing
of homeostatic interactions with sensory-evoked emotions (Meier et al., 2015) – may
partly underlie some of the symptoms experienced by individuals with posttraumatic
stress disorder (PTSD) (Hopper et al., 2007; Lanius et al., 2010; Pitman et al., 2012;
Weston, 2014). Notably, insula activation has been positively correlated to PTSD
symptoms in response to script-driven imagery, response inhibition, pain perception, and
fear acquisition/extinction (Carrion et al., 2008; Hopper et al., 2007; Mickleborough et
al., 2011; Sripada, Garfinkel & Liberzon, 2013). Previous research investigating the
function of the insula in PTSD has found it to be hyperactive in response to trauma
reminders (Aupperle et al., 2012; Etkin & Wager 2007; Hopper et al., 2007; Mazza et al.,
2013), which has been suggested to be related to heightened detection of bodily arousal
within PTSD patients (Pitman et al., 2012). By contrast, emerging evidence suggests that
the dissociative subtype of PTSD (PTSD+DS) and dissociative symptoms are associated
with reduced activation of the insular cortex (Hopper et al., 2007) and increased insula
connectivity to the ventrolateral thalamus during symptom provocation (Lanius et al.,
2005). The amygdala has also been shown to be a key region in PTSD, where similarly to
the insula, hyper/hypoactivation has been associated with symptom modulation in nondissociative subtype (PTSD-DS) and PTSD+DS patients, respectively (Hopper et al.,
2007; Lanius et al., 2010; Lanius, Brand, Vermetten, Frewen & Spiegel, 2012; Shin &
Liberzon, 2010; Mickleborough et al., 2011; Stevens et al., 2013; Weston, 2014). Studies
have previously shown that the basolateral (BLA) and centromedial (CMA) amygdala
complexes display unique patterns of resting-state functional connectivity between
patients with PTSD and controls (Aghajani et al., 2016; Brown et al., 2014), and between
PTSD-DS, PTSD+DS, and controls, [as seen in Chapter 2 (Nicholson et al., 2015)].
Crucially, the insula and amygdala have direct structural and functional connections
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(Baur, Hänggi, Langer & Jäncke, 2013); however, the functional connectivity of this
neural pathway remains poorly understood in PTSD. On balance, Sripada et al., (2012a)
found increased functional connectivity between the insula and amygdala among PTSD
patients at rest, as compared to trauma-exposed controls. Cisler et al. (2014) also report
that repeated exposure to a traumatic memory increased connectivity between the right
anterior insula and the amygdala and hippocampus, and Fonzo et al. (2010) report
decreased anterior insula- amygdala connectivity during fearful face versus neutral face
matching. At present, however, the functional connectivity patterns of insula subregions
with respect to PTSD and its dissociative subtype, remains elusive and constitutes a gap
in the PTSD literature.
Recent reviews (Craig, 2009, 2011; Gasquoine, 2014; Kurth et al., 2010) suggest unique
functions of the anterior, mid, and posterior insular subregions, where each shows
differential structural (Cloutman, 2012) and functional connectivity (Deen, Pitskel &
Pelphrey, 2011), and are involved in separate functional networks (Cauda et al., 2011;
Deen et al., 2011). The anterior insula is associated with arousal/interoceptive awareness,
cognitive emotional processing (Craig, 2009), heightened alertness, and autobiographical
memory (Kurth et al., 2010). By contrast, the mid insula is implicated in the awareness of
body movement/ownership, contains somatotopic representations of bodily affect
associated with condition of the self, and is involved in integrating homeostatic
representations with emotionally salient environmental stimuli (Craig, 2009). Finally, the
posterior insular region has been identified as a multimodal convergence zone for sensory
information and processing of interoceptive/exteroceptive information including pain,
sensorimotor information, and body condition (Craig, 2009; Deen et al., 2011). Here, the
functional connectivity patterns of individual insula subregions, which may have unique
roles within the neural circuitry of the disorder and its dissociative subtype, remain
unexplored. Research with respect to insula subregion-amygdala connectivity is
particularly important, as PTSD is characterized by two different phenotypes presenting
with contrasting symptoms related to insula and amygdala activation (Hopper et al.,
2007; Lanius et al., 2010; Stein et al., 2013; Steuwe et al., 2012; Wolf et al., 2012).
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As eluded to in Chapter 2, approximately 70% of PTSD patients exhibit symptoms of
emotional undermodulation (Lanius et al., 2012; Weston, 2014). This group (PTSD-DS)
is characterized by symptoms of exacerbated arousal and heightened
monitoring/detection of bodily states (Lanius et al., 2010, 2015), which may be related to
insula and amygdala hyperactivation (Lanius et al., 2010; Pitman et al., 2012), as well as
vivid re-experiencing of traumatic memories (Hopper et al., 2007). By contrast, 15–30%
of PTSD patients exhibit predominant symptoms of emotional overmodulation (Hopper
et al., 2007; Lanius et al., 2012; Stein et al., 2013; Steuwe et al., 2012; Wolf et al., 2012),
consisting of depersonalization, derealization, chronic emotional numbing, and attenuated
awareness of emotions and interoception of bodily sensations — characteristic of
PTSD+DS. These unique PTSD+DS symptoms may be in part mediated by altered neural
circuitry and hypoactivation of both the insula and amygdala (Hopper et al., 2007; Lanius
et al., 2010; Nicholson et al., 2015; Pitman et al., 2012; Weston, 2014). Accordingly, we
compared patterns of anterior, mid, and posterior insular subregion functional
connectivity to the amygdala, between controls, PTSD-DS, and PTSD+DS. Relative to
controls, both patient groups were expected to show increased insula subregion
connectivity to the amygdala, as PTSD has been associated with increased insulaamygdala connectivity at rest (Sripada et al., 2012a). Moreover, we hypothesized that
insula subregion-amygdala connectivity would be altered between PTSD-DS and
PTSD+DS patients, displaying unique connectivity patterns across the insula subregions.

3.3
3.3.1

Methods
Participants

The sample consisted of (n = 61) PTSD patients [(n = 44) PTSD-DS and (n = 17)
PTSD+DS] and (n = 40) age-matched healthy controls (see Table 1 for descriptive
statistics). A portion of the sample’s fMRI data was published in Chapter 2 [(n = 36)
PTSD-DS, (n = 13) PTSD+DS, and (n = 40) healthy controls)] (Nicholson et al., 2015).
The exclusion criteria included: noncompliance with 3T fMRI safety standards,
significant untreated medical illness, a history of neurological or pervasive
developmental disorders, previous head injury with loss of consciousness, pregnancy, and
the use of psychotropic medications (within one month prior to the study). All
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participants were evaluated using the DSM-IV Structured Clinical Interview (SCID)
(First, 1997), the Clinician Administered PTSD Scale (CAPS; PTSD cut-off score ≥50)
(Blake et al., 1995), the Childhood Trauma Questionnaire (CTQ) (Bernstein et al., 2003),
Beck’s Depression Inventory (BDI) (Beck, Guth, Steer & Ball, 1997), and the Multiscale
Dissociation Inventory (MDI) (Briere, Weathers & Runtz, 2005). The CAPS is a
structured interview for assessing core and associated symptoms of PTSD (Blake et al.,
1995), the CTQ is a screening measure for maltreatment histories (such as abuse and
neglect in childhood; Bernstein et al., 2003), BDI is a self-report inventory for measuring
depression (Beck et al., 1997), and finally, the MDI is a standard 30-item test of 6 types
of dissociative responses (Briere et al., 2005): disengagement, depersonalization,
derealization, emotional constriction, memory disturbance, and identity dissociation.
Additional exclusion criteria for both PTSD groups included: diagnosis of bipolar
disorder or schizophrenia, and alcohol or substance dependence/abuse within 6 months
prior to participation in the study. Dissociative subtype classification consisted of patient
scores greater than or equal to 2 on both frequency and intensity for either the CAPS
depersonalization or derealization items (Nicholson et al., 2015). Additional exclusion
criteria for the control group were current or past Axis-I or Axis-II disorders.
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Table 3-1: Demographic and Clinical Information, Clinical and Movement Statistics

3.3.2

Procedure

Approval for the current study was received from Western University’s ethics board and
all participants provided written informed consent (see Appendix A). Recruitment took
place in London, Ontario through mental health professionals/clinics, and
posters/advertisements. Participants took part in a 6-minute resting-state scan, being
instructed to relax, close their eyes, and let their minds wander (Nicholson et al, 2015).
Following the scan, participants were asked if they experienced alterations in
consciousness/drifted out of wakefulness. All participants reported being able to comply
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with the instructions and reported an appropriate level of consciousness/wakefulness
during the scan.

3.3.3

fMRI Data Acquisition

Imaging was conducted using a 3.0 T, whole-body MRI scanner (Magnetom Tim Trio
and Biograph mMR, Siemens Medical Solutions, Erlangen, Germany) with the
manufacturer’s 32-channel phased array head coil. Foam padding was used for
participant stabilization while scanning. During the 6-minute scan, 120-volumes of
BOLD images were collected utilizing the manufacturer’s standard gradient-echo EPI
pulse sequence (single-shot, blipped-EPI, interleaved slice acquisition order and
tridimensional prospective acquisition correction), with an isotropic resolution of 2 mm
(FOV = 192 mm X 192 mm X 128mm (94 x 94 matrix, 64 slices), TR/TE = 3000 ms/ 20
ms, flip angle = 90°).

3.3.4

fMRI Data Preprocessing

Preprocessing was carried out using Statistical Parametric Mapping (SPM8 Wellcome
Department of Neurology, London, UK: hhtp://www.fil.ion.ucl.ac.uk/spm) within Matlab
8.3 (The Mathworks Inc., MA). All functional images were realigned to the first image in
the series for each participant, and mean functional images were created. The mean
image was co-registered to the EPI template and the resulting deformation matrix was
applied to all the fMRI images in the series. Motion outlier regressors were created
through ART software (Gabrieli Lab. McGovern Institute for Brain Research,
Cambridge, MA). Image smoothing was performed using a 6mm full-width-halfmaximum isotropic Gaussian filter. Band-pass filtering was completed using high-pass
(0.012 Hz) and low-pass (0.1 Hz) filtering via in-house software by co-author Jean
Théberge. Correlations denoting measures of connectivity were standardized using a
Fisher Z transformation within SPM8.

3.3.5

Statistical Analyses

Statistical analyses were also conducted using SPM8. Seed region-of-interest (ROIs)
masks were created using PickAtlas (Maldjian et al., 2003) where 6mm spheres were

59

defined separately for insula subregions (Ichesco et al., 2014) and extracted using
standard coordinates from previous anatomical and MR imaging studies (Taylor et al.,
2009; Ichesco et al., 2014): bilateral anterior insula (MNI x, y, z: left = -32, 16, 6; right =
32, 16, 6), bilateral mid insula (MNI: left = -38, 2, 8; right = 38, 2, 8), and bilateral
posterior insula (MNI: left = -39, -15, 1; right = 39, -15, 8). The mean signal intensity
time course was extracted from each of the six insula spheres defined in PickAtlas using
in-house software by co-author Jean Théberge (Nicholson et al., 2015). First-level
analyses were conducted separately for each insula subregion, and ART outlier and
movement regressors were included as a nuisance variable. Group-level, random-effects
analyses were conducted for each of the 6 insular seed regions, where a covariate of no
interest was added to account for two scanner sites. The bilateral amygdala ROI was
defined anatomically via PickAtlas; here, two-sample, between-group ROI analyses, and
one-sample within-group ROI analyses were explored for each insula seed region to the
amygdala (p-FWE corrected <. 05, k = 10). The variance for the between-group analysis
was set to unequal in order to account for the unequal sample size; here, a restricted
maximum likelihood adjustment was applied to the degrees of freedom in SPM, using
weighted least squares to produce Gauss-Markov estimators. Both positive correlations
and anti-correlations were examined. SPM Anatomy Toolbox (Eickhoff et al., 2005) and
Talarach Daemon (Lancaster et al., 2000) software were used to determine anatomical
gray matter regions, and MRIcron was used to generate the brain imaging figure (Chris
Rorden, Columbia SC, USA: http://www.mccauslandcenter.sc.edu/mricro/mricron).
The clinical variables CAPS, CTQ, BDI, and MDI, in addition to ART outlier and
movement parameters, were compared across groups via one-way analyses of variance
(ANOVAs). If Levene’s test of homogeneity of variance was found to be significant,
variances were assumed to be unequal in SPSS and Games-Howell tests were conducted.
Finally, average MDI depersonalization and derealization items, total CAPS, CTQ and
BDI scores, were evaluated as predictors of insula subregion connectivity to the bilateral
amygdala in a multiple regression analysis within all PTSD patients (n = 61). The
regression analysis was evaluated at the same error protection rate (p-FWE < .05, k = 10).
Here, some PTSD patients were excluded due to incomplete clinical data (3 for CAPS, 5
for CTQ, 7 for BDI, and 4 for MDI regression analyses), where patient exclusion was
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relatively equal for both PTSD-DS and PTSD+DS groups. Absolute activation of the
insula and amygdala during the resting state scan were also compared within groups (see
Appendix D, Supplemental Methods and Results).

3.4
3.4.1

Results
Clinical Variables and Movement

All clinical variables (CAPS, BDI, CTQ, and MDI) yielded significant values for
Levene's test of homogeneity of variance (means and standard deviations are presented in
Table 1a, statistics are presented in Table 1b). Via Games–Howell comparisons, no
significant differences were found between the PTSD+DS and PTSD-DS groups with
regard to CAPS, BDI, and CTQ scores. MDI scores were significantly higher in the
PTSD+DS, as compared to PTSD-DS group. All clinical variable scores were higher in
the PTSD+DS and PTSD-DS groups, as compared to the control group. When examining
ART outlier movement parameters, movement did not differ between the control and
PTSD groups via one-way ANOVA (equal variance assumed; see Table 1b).

3.4.2

One-Sample Functional Connectivity Within Control and
PTSD Groups

The control, PTSD-DS, and PTSD+DS groups displayed significant resting-state
functional connectivity across all insula subregions to large clusters within the amygdala
anatomical ROI, broadly displaying connectivity to the BLA, CMA and superficial
amygdala (SFA) complexes from both hemispheres (Table 2a–c). No significant anticorrelations were found for within-group connectivity results.
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Table 3-2: 1 Sample Insula Resting-state Functional Connectivity
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3.4.3

Control vs. PTSD Group Differences in Functional
Connectivity

When compared to the control group, the PTSD-DS group displayed increased insula
connectivity (bilateral anterior insula) to the right BLA, in addition to increased insula
connectivity (right anterior, bilateral mid, and left posterior insula) to the left BLA (see
Table 3, Fig. 1.1). Furthermore, the PTSD+DS group also displayed increased insula
connectivity (bilateral anterior, left mid, and left posterior insula) to the left BLA (see
Table 3, Fig. 1.2), when compared to the control group. No significant group differences
were found for increased insula-amygdala connectivity in the control group as compared
to the PTSD-DS or PTSD+DS patient groups.
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Figure 3-1: Increased insula subregion functional connectivity among PTSD
patients.
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Figure 1.1 Top (Non-Dissociative PTSD > Control Group): Clusters representing greater connectivity
from insular seeds to the amygdala region-of-interest: a) left anterior insula (MNI x, y, z = -32, 16, 6) to the
right BLA, b) left mid insula (MNI = -38, 2, 8) to the left BLA, c) left posterior insula (MNI = -39, -15, 1)
to the left BLA, d) right anterior insula (MNI = 32, 16, 6) to the bilateral BLA, e) right mid insula (MNI =
38, 2, 8) to the left BLA, in the non-dissociative PTSD group as compared to the control group. Nonsignificant differences were found in the right posterior (MNI = 39, -15, 8) insula seed region when
examining increased insula functional connectivity in the non-dissociative PTSD group as compared to the
control group. Additionally, non-significant differences were found when examining increased insula
subregion connectivity in the control group as compared to the non-dissociative PTSD group for all seed
regions. Statistical threshold p-FWE < .05, k =10. X,Y, and Z indicate the position of brain slices displayed
in MRIcron software. Abbreviations: R = Right Hemisphere, P = Posterior, BLA = Basolateral Amygdala
Complex.
Figure 1.2 Bottom (Dissociative Subtype PTSD > Control Group): Clusters representing greater
connectivity from insular seeds to the amygdala region-of-interest: a) left anterior insula (MNI x, y, z = -32,
16, 6) to the left BLA, b) left mid insula (MNI = -38, 2, 8) to the left BLA, c) left posterior insula (MNI = 39, -15, 1) to the left BLA, d) right anterior insula (MNI = 32, 16, 6) to the left BLA, in the dissociative
subtype PTSD group as compared to the control group. Non-significant differences were found in the right
mid (MNI = 38, 2, 8) and right posterior (MNI = 39, -15, 8) insula seed regions when examining increased
insula functional connectivity in the dissociative subtype PTSD group as compared to the control group.
Additionally, non-significant differences were found when examining increased insula subregion
connectivity in the control group as compared to the dissociative subtype PTSD group for all seed regions.
Statistical threshold p-FWE < .05, k =10. X,Y, and Z indicate the position of brain slices displayed in
MRIcron software. Abbreviations: R = Right Hemisphere, P = Posterior, BLA = Basolateral Amygdala
Complex.

Table 3-3: PTSD and Control Between-Group Connectivity Differences in Insula
Connectivity
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3.4.4

Dissociative Subtype vs. Non-Dissociative Subtype PTSD
Group Differences in Functional Connectivity

The PTSD+DS group displayed increased insula subregion connectivity (bilateral
anterior, left mid, and right posterior) to the left BLA complex, as compared to the
PTSD-DS group (see Table 4, Fig. 2.1). The PTSD-DS did not display significantly
increased insula subregion connectivity to the amygdala, when compared to the
PTSD+DS group, for any seed region.

Figure 3-2: Increased insula subregion connectivity among dissociative subtype
PTSD/clinical variable correlations.
Figure 2.1 Top (Dissociative Subtype > Non-Dissociative PTSD Group): Clusters representing greater
connectivity from insular seeds to the amygdala region-of-interest: a) left anterior insula (MNI x, y, z = -32,
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16, 6), b) left mid insula (MNI = -38, 2, 8), c) right anterior insula (MNI = 32, 16, 6), d) right posterior
insula (MNI = 39, -15, 8), to the left BLA in the dissociative subtype group as compared to the nondissociative PTSD group. Non-significant differences were found in the left posterior (MNI = 39, -15, 1)
and right mid (MNI = 38, 2, 8) insula seed regions when examining increased insula subregion functional
connectivity in the dissociative subtype group as compared to the non-dissociative PTSD group.
Additionally, non-significant differences were found when examining increased insula subregion
connectivity in the non-dissociative PTSD group as compared to the dissociative subtype group for all seed
regions. Statistical threshold p-FWE < .05, k =10. X,Y, and Z indicate the position of brain slices displayed
in MRIcron software. Abbreviations: R = Right Hemisphere, P = Posterior, BLA = Basolateral Amygdala
Complex.
Figure 2.2 Bottom: Clinical variable correlations to insula subregion-amygdala functional connectivity
within all PTSD patients. When evaluated as a predictor of insula subregion- amygdala connectivity,
average depersonalization/derealization MDI scores predicted a) left posterior, b) right anterior, and c) right
posterior insula connectivity between the left BLA in PTSD patients. Total CAPS scores were significantly
correlated to d) right anterior insula- left BLA, and e) right posterior insula- right BLA connectivity in all
PTSD patients. Insula subregion- amygdala connectivity was not significantly correlated to BDI and CTQ
scores. Statistical threshold, p-FWE < .05, k =10. X,Y, and Z indicate the position of brain slices displayed
in MRIcron software. Abbreviations: R = Right Hemisphere, P = Posterior, BLA = Basolateral Amygdala
Complex, MDI = Multiscale Dissociation Inventory, CAPS = Total Scores for Clinician Administered
PTSD Scale.

Table 3-4: Dissociative Subtype and Non-Dissociative PTSD Between-Group InsulaAmygdala Differences in Connectivity

3.4.5

Clinical Variable Correlations to Functional Connectivity
Within PTSD Patients

When evaluated as a predictor of insula subregion-amygdala connectivity, average
depersonalization/derealization MDI scores predicted left posterior, right anterior, and
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right posterior insula connectivity between the left BLA in PTSD patients (see Table 5,
Fig. 2.2). Furthermore, total CAPS scores were significantly correlated to right anterior
insula-left BLA and right posterior insula- right BLA connectivity in all PTSD patients
(see Table 5, Fig. 2.2). Insula subregion-amygdala connectivity was not significantly
correlated to BDI and CTQ scores.

Table 3-5: Clinical Score Correlations to Insula-Amygdala Functional Connectivity
Within PTSD Patients
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3.5

Discussion

The neural connectivity patterns of insula subregions to the amygdala within PTSD
patients as compared to controls, in particular unique connectivity within the dissociative
subtype of PTSD, has previously not been elucidated. This is critical to understanding the
pathophysiology and underlying neural mechanisms of PTSD, as well as to developing
novel treatment interventions hat target both PTSD-DS and PTSD+DS patient groups.
The insula and amygdala are strongly implicated in PTSD and its dissociative subtype
(see Chapter 2), where each show unique activation profiles related to contrasting
symptoms between the two groups – hyper/ hypoactivation of the insula and amygdala in
the PTSD-DS and PTSD+DS, respectively (Hopper et al., 2007; Lanius et al., 2010;
Pitman et al., 2012; Weston, 2014). Insula subregions exhibit unique functions related to
bodily arousal/interoception, pain perception and somatotopic representations (Critchley
et al., 2004; Menon and Uddin, 2010; Pitman et al., 2012), and the amygdala plays a key
role in emotion modulation mechanisms underlying PTSD (Baur et al., 2013; Brown et
al., 2014; Nicholson et al., 2015; Pitman et al., 2012; Sripada et al., 2012a). As such,
insula subregion-amygdala resting-state functional connectivity was compared between
healthy controls, PTSD-DS and PTSD+DS patients. We predicted that there would be
increased resting-state functional connectivity between insula subregions and the
amygdala in both patient groups, as compared to controls, as PTSD has been associated
with increased insula-amygdala connectivity (Sripada et al., 2012a). Here, we report
increased insula connectivity in the PTSD-DS (bilateral anterior, bilateral mid, and left
posterior) to BLA clusters in both hemispheres, and increased connectivity in the
PTSD+DS group (bilateral anterior, left mid, and left posterior insula) to the left BLA,
when compared to controls. Furthermore, we hypothesized that there would be altered
insula subregion connectivity to the amygdala when comparing PTSD-DS and PTSD+DS
patients. In keeping with these predictions, PTSD+DS patients displayed increased insula
connectivity (bilateral anterior, left mid, and right posterior) to the left BLA complex,
when compared to the PTSD-DS group. Notably, patterns of insular subregion-amygdala
functional connectivity were significantly predicted by MDI
depersonalization/derealization scores and total CAPS scores among PTSD patients.
Depersonalization/derealization MDI scores predicted left posterior, right anterior, and
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right posterior insula connectivity with the left BLA. In contrast, total CAPS scores were
significantly correlated to right anterior insula- left BLA, and right posterior insula-right
BLA connectivity patterns.

3.5.1

Anterior Insula

The anterior insula is associated with arousal and interoceptive emotional/bodily
awareness (Craig, 2009), as well as heightened alertness, and episodic memory (Kurth et
al., 2010). Bilaterally, the anterior insula has been identified further as a central
component in the emotional salience network (Cauda et al., 2011; Menon & Uddin,
2010), along with the amygdala (Seeley et al., 2007). As compared to controls, the
PTSD-DS group displayed increased connectivity between the left anterior insula-right
BLA, and between the right anterior insula-bilateral BLA. Similarly, the PTSD+DS
group displayed increased connectivity between the bilateral anterior insula and the left
BLA, as compared to controls. This may suggest altered arousal and interoceptive
processing in the anterior insula (with regard to the emotional salience network) in both
PTSD patient groups as compared to controls. On balance, both PTSD groups are
characterized by aberrant arousal patterns as compared to healthy individuals, where
PTSD-DS patients display exacerbated arousal and monitoring of internal bodily states,
and PTSD+DS patients are characterized by attenuated arousal/interoception (Hopper et
al., 2007; Lanius et al., 2010; Pitman et al., 2012; Weston, 2014). As the BLA evaluates
sensory information and integrates cortical processing of emotions and fear (Jovanovic &
Ressler, 2010), it may partially alter arousal/interoceptive functions in the anterior insula,
through its functional connections in the PTSD groups. Furthermore, as both PTSD
groups display opposite arousal/interoceptive symptoms, increased anterior insula
connectivity to the BLA as compared to controls may reflect differential processes in
PTSD-DS and PTSD+DS patients. In support of anterior insula associations with altered
arousal/interoceptive awareness in PTSD, Sripada et al. (2012b) report increased anterior
insula connectivity to the salience network among PTSD patients, as compared to
trauma-exposed and healthy controls, where activation in the right anterior insula has
been significantly correlated with changes in interoceptive states (Simmons et al., 2009).
Altered anterior insula connectivity has also been reported by Qin et al. (2012), where
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motor vehicle accident PTSD patients showed greater connectivity between the right
anterior insula and the default mode network when scanned within two days of their
trauma. Further in line with the present study, Cisler et al. (2014) report increased
connectivity between the right anterior insula and the amygdala following repeated
exposure to a traumatic memory.
As compared to the PTSD-DS group, we observed increased connectivity between the
bilateral anterior insula and the left BLA, among PTSD+DS patients. In the PTSD+DS
group specifically, we speculate that the reported increase in anterior insula-BLA
connectivity may in part be inhibitory/GABAergic (Paulus & Stein, 2006; Rosso et al.,
2014). Here, the BLA may attenuate anterior insula arousal/interoceptive awareness,
emotional processing, and alertness, in the dissociative subtype. As the BLA complex
plays a central role in evaluating cortical integration of emotions and fear (Jovanovic &
Ressler, 2010), it may subsequently decrease PTSD+DS perceptions of emotional arousal
in the anterior insula through inhibition. It is worth noting that absolute activation
analyses during the resting state scan reveal that the insula displays increased activation
as compared to the amygdala, in both PTSD groups and the control group (see Appendix
D, Supplemental Results). However, this does not completely rule out the theory of
amygdala inhibition on the insula in the dissociative subtype, as absolute activation is not
an exhaustive approach to elucidate neurotransmitter mechanisms between the regions. In
support of a possible inhibitory amygdala connection on insula functioning, a metaanalysis by Paulus and Stein 2006 notes that painful stimuli (related to interoception)
activate the insular cortex, and this activity is mediated by BLA GABAergic inhibition of
excitatory glutamatergic activity. In a study by Rosso et al. (2014), where PTSD-DS and
PTSD+DS patients were not distinguished, PTSD was associated with reduced insula
GABA inhibition. Rosso et al.'s (2014) findings may be related to hyperactivation of the
insula, associated primarily with PTSD-DS symptoms of heightened detection/awareness
of arousal and bodily states (Pitman et al., 2012). By contrast, altered GABA and
glutamatergic signaling may be associated with hypoarousal and attenuated interoceptive
awareness in the PTSD+DS group. In this way, an anterior insula- BLA inhibitory
connection may orchestrate decreased perceptions of bodily states, chronic emotional
numbing, hypoarousal, and emotional detachment in the PTSD+DS group.
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Additionally, right anterior insula-left BLA connectivity was significantly predicted by
dissociation scores and CAPS total scores in the current study. Therefore, anterior insulaamygdala connectivity may be associated with dissociative bodily/emotional detachment
in the PTSD+DS group. In sum, altered arousal, interoception, and emotional awareness
among PTSD patients, may be mediated through functional connectivity of the anterior
insula with the BLA.

3.5.2

Mid Insula

The mid insula has been associated with awareness of body movement and integrating
bodily representations with emotions (Craig, 2009). In addition, the mid insula contains a
somatotopic representation of bodily emotion associated with condition of the self (Craig,
2009), functioning as a graduated pattern of anterior– posterior connectivity (Cloutman et
al., 2012). As compared to controls, we report increased bilateral mid insula- left BLA
connectivity in the PTSD-DS group, and increased left mid insula-left BLA connectivity
in the PTSD+DS group. We speculate that increased connectivity of the mid insula,
correlated to bodily representations (Craig, 2009), with the BLA, associated with sensory
integration related to emotions (Jovanovic & Ressler, 2010), may be indicative of altered
perceptions of the self, related to bodily arousal, within PTSD patients. In PTSD-DS, this
may be related to increased readiness for action, hyperarousal, and heightened monitoring
of bodily states with respect to emotion (Lanius et al., 2010; Pitman et al., 2012). In
PTSD+DS, this connection may be related to aberrant bodily representations
corresponding to emotional numbing, hypoarousal, and dissociation (Lanius et al., 2010;
Pitman et al., 2012). Thus, increased mid insula connectivity to the BLA may reflect
differential processes in PTSD-DS and PTSD+DS patients. On balance, we report
exacerbated connectivity among PTSD+DS as compared to PTSD-DS patients, between
the left mid insula and the left BLA. This may reflect stronger alterations of bodily
representations in PTSD+DS patients, with respect to dissociative responses. In support
of our current findings related to altered insula connectivity and bodily representation
among PTSD patients, Lanius et al. (2005) report increased insula connectivity to the
ventrolateral thalamus – a sensory relay area holding implications for body distortions –
during symptom provocation.
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In the PTSD+DS group, a possible increased inhibitory connection, in line with the
aforementioned BLA GABAergic connection to the insula (Paulus & Stein, 2006), may
reflect a decrease in bodily awareness processing in the mid insula – paralleling an
inability to monitor bodily condition, emotional numbing, and hypoarousal in the
PTSD+DS patient group (Lanius et al., 2010). Here, the BLA may orchestrate sensory
integration with respect to fear and emotion (Jovanovic & Ressler, 2010), subsequently
inhibiting bodily representations in the mid insula (Craig, 2009) within PTSD+DS
patients. Taken together, these findings point towards the involvement of the mid insula
and BLA in the integration of bodily awareness/arousal, and somatosensory functions
related to bodily representations, among patients with PTSD.

3.5.3

Posterior Insula

The posterior insula region has been identified as a multimodal convergence zone for
sensory information and body condition (Craig, 2009; Deen et al., 2011), where posterior
portions of the left insula have been linked to the processing of homeostatic interactions
with sensory-evoked emotions (Meier et al., 2015). Cauda et al. (2011) also describe a
posterior insula sensorimotor integration network. As compared to controls, we observed
increased connectivity among PTSD-DS and PTSD+DS patients between the left
posterior insula-left BLA. Here, we postulate that this BLA connection is altering
posterior insula sensory/bodily representation functioning within PTSD patients. In the
PTSD-DS group, increased connectivity to posterior insular multimodal convergence and
sensorimotor integration areas (Craig, 2009; Deen et al., 2011) may be related to
increased sensory processing with respect to emotions, paralleling hypervigilance and
hyperarousal characteristics of this group (Hopper et al., 2007; Lanius et al., 2010; Meier
et al., 2015; Pitman et al., 2012; Weston, 2012). In the PTSD+DS group, increased
posterior insula-BLA connectivity as compared to controls, may reflect emotional
numbing with respect to hypoarousal, and a possible inhibition of sensory processing
related to detachment and dissociation (Lanius et al., 2010; Meier et al., 2015; Pitman et
al., 2012), when cortical emotional information is integrated by the BLA (Jovanovic and
Ressler, 2010). Furthermore, in keeping with our predictions, we observed increased
connectivity between the right posterior insula and the left BLA, in the PTSD+DS as
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compared to the PTSD-DS group. Exacerbated posterior insula-BLA connectivity in the
PTSD+DS group, as compared to the PTSD-DS group, may parallel symptoms of more
chronic sensory disengagement, autonomic blunting and depersonalization/derealization
responses, via posterior insular convergence of sensory information (Craig, 2009; Deen et
al., 2011). On balance, the strongest relation to emerge between tested clinical variables
and insular connectivity was observed between MDI depersonalization/derealization
scores and bilateral posterior insula-BLA connectivity among PTSD patients. This
suggests that clinical symptoms of dissociation may be associated with posterior insula
sensory motor integration networks when emotional stimuli are processed by the BLA,
and may partially explain why we observe increased posterior insular-BLA connectivity
among PTSD+DS patients as compared to PTSD DS, and controls. Subsequent studies
should therefore examine insula connectivity during emotion provocation in order to
compare these to resting-state findings.

3.5.4

Basolateral Amygdala

The BLA complex evaluates sensory activity and integrates cortical information with
regard to emotional processing and fear (Jovanovic and Ressler, 2010), where the
amygdala and insula have direct structural and functional connections (Baur et al., 2013).
Of importance, the left amygdala is associated with more detailed/ elaborate emotional
stimulus evaluation, and the right amygdala is involved in the rapid/automatic detection
of emotional stimuli (Young et al., 2014). The left amygdala appears strongly related to
other psychiatric disorders, where negative emotional responses in the left amygdala are
exaggerated in patients with major depressive disorder, and this region has been an
important target for self-regulation via fMRI neurofeedback (Young et al., 2014).
Resting-state studies have previously shown that the BLA and CMA amygdala
complexes display unique patterns of functional connectivity in both adult (Brown et al.,
2014) and adolescent (Aghajani et al., 2016) patients with PTSD as compared to controls.
Furthermore, in Chapter 2, we previously report increased amygdala complex
connectivity in PTSD+DS patients to prefrontal regions involved in emotion regulation
(bilateral BLA and left CMA to the middle frontal gyrus and bilateral CMA to the medial
frontal gyrus), as compared to the PTSD-DS patients (Nicholson et al., 2015). In the same

74

study, PTSD+DS patients displayed greater amygdala complex connectivity to regions
involved in consciousness, awareness, and motor imagery/proprioception – functions that
may also be implicated in dissociation (left BLA to superior parietal lobe and cerebellar
culmen; left CMA to dorsal posterior cingulate and precuneus) (Nicholson et al., 2015).
Moreover, the amygdala is thought to play a key role in the instantiation of PTSD+DS
emotional overmodulation, which consists of amygdala hypoactivation associated with
chronic emotional numbing, where amygdala activity is negatively correlated to
dissociation among PTSD patients (Hopper et al., 2007; Lanius et al., 2010;
Mickleborough et al., 2011; Nicholson et al., 2015). Inversely, PTSD-DS is associated
with hyperactivation of the amygdala and vivid re-experiencing during a traumatic trigger
(Hopper et al., 2007; Lanius et al., 2010, 2015; Shin & Liberzon, 2010; Weston, 2014).
Given these contrasting amygdala profiles between PTSD-DS and PTSD+DS patients,
differences in insular functional connectivity to the amygdala may play an important role
in mediating the dynamic relationship between emotional processing and arousal in
PTSD patients.

3.5.5

Limitations and Future Directions

Our results are correlational and cannot make claims regarding directionality; dynamic
causal modeling should thus be conducted in future studies (see Chapter 6). Similarly,
our study does not directly assess inhibitory/excitatory functional connections. As an
important first step, the current study has compared functional connectivity between
PTSD and healthy controls; subsequent studies should also examine this phenomena in
trauma-exposed controls, with a larger portion of dissociative subtype PTSD patients.
Future studies will be required to replicate the current findings using DSM-5 diagnostic
criteria, and to investigate how state PTSD symptoms affect connectivity. Physiologicalrelated fluctuations in BOLD signal were not controlled for as there is a mixed consensus
with regard to controlling for cardiac and respiratory derived artifacts (Cordes et al.,
2001; Birn et al., 2009) – which is also reflected in the PTSD literature (e.g. Sripada et
al., 2012a; Nicholson et al., 2015).
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3.6

Conclusion

On balance with Chapter 2, the results of the current study point towards resting-state
bio-markers of insula subregion-amygdala connectivity among PTSD-DS, and PTSD+DS
patients. Increased insula connectivity among PTSD patients to the basolateral amygdala
may be associated with aberrant arousal/interoception patterns, in addition to altered
monitoring of bodily states and somatosensory processing (in relation to dissociation) –
as the anterior, mid, and posterior insula regions are associated with these functions,
respectively. Critically, depersonalization/derealization mean scores and CAPS total
scores predicted insula subregion connectivity to the BLA among PTSD patients. The
current study is an important first step in elucidating the functional connectivity of insula
subregions in PTSD and how these connections are associated with contrasting arousal
and emotional processing in PTSD-DS (hyper-monitoring/detection of arousal and
hypervigilance) and PTSD+DS (attenuated arousal/interoception, emotional numbing and
depersonalization/derealization). Additional research with regard to these pathways will
be central to further characterizing the pathogenesis, maintenance, and treatment of
PTSD. Specifically, the current study suggests specific neural targets for treatment of
PTSD and its dissociative subtype, such as using neurofeedback to directly modulate
neural circuitry and activation of the insula and amygdala (see Chapters 4 and 5).
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4

Alpha Oscillation Neurofeedback Modulates Amygdala
Complex Connectivity and Arousal in Posttraumatic
Stress Disorder3

4.1 Abstract
Electroencephalogram (EEG) neurofeedback aimed at reducing the amplitude of the
alpha-rhythm has been shown to alter neural networks associated with posttraumatic
stress disorder (PTSD), leading to symptom alleviation. Critically, the amygdala is
thought to be one of the central brain regions mediating PTSD symptoms. In the current
study, we compare directly patterns of amygdala complex connectivity using fMRI,
before and after EEG neurofeedback, in order to observe subcortical mechanisms
associated with behavioural and alpha oscillatory changes among patients. We examined
basolateral (BLA), centromedial (CMA), and superficial (SFA) amygdala complex
resting-state functional connectivity using a seed-based approach via SPM Anatomy
Toolbox. Amygdala complex connectivity was measured in twenty-one individuals with
PTSD, before and after a 30-minute session of EEG neurofeedback targeting alpha
desynchronization. EEG neurofeedback was associated with a shift in amygdala complex
connectivity from areas implicated in defensive, emotional, and fear processing/memory
retrieval (left BLA and left SFA to the periaqueductal gray, and left SFA to the left
hippocampus) to prefrontal areas implicated in emotion regulation/modulation (right
CMA to the medial prefrontal cortex). This shift in amygdala complex connectivity was
associated with reduced arousal, greater resting alpha synchronization, and was
negatively correlated to PTSD symptom severity. These findings have significant
implications for developing targeted non-invasive treatment interventions for PTSD
patients that utilize alpha oscillatory neurofeedback, showing evidence of neuronal

3

Chapter 4 is modified from its published format as: Nicholson, A.A., Ross, T., Kluetsch, R.C., Densmore,
M., Frewen, P.A., Théberge, J., Calhoun, V.D., Schmahl, C., Jetly, R., & Lanius, R. A. (2016). Plastic
modulation of amygdala complex connectivity in posttraumatic stress disorder by EEG alpha wave
neurofeedback. NeuroImage: Clinical, 12, 506-516.
See Appendix E for reprint permission.
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reconfiguration between areas highly implicated in the disorder, in addition to acute
symptom alleviation.

4.2

Introduction

Individuals with posttraumatic stress disorder (PTSD) experience frequent hyperarousal,
emotional numbing, and vivid re-experiencing of traumatic memories, in addition to
cognitive and behavioural avoidance (APA, 2013). Here, the manifestation of PTSD
symptomatology has been shown to be mediated in part through altered neurocircuitry of
the amygdala (Birn et al., 2014; Etkin & Wager, 2007; Lanius et al., 2010; Patel, Spreng,
Shin, & Girard, 2012; Pitman et al., 2012; Shin & Liberzon, 2010; Stevens et al., 2013;
Weston, 2014; Yehuda et al., 2015). Central neurophysiological characteristics of the
disorder include: aberrant amygdala and prefrontal cortex (PFC) activation during
symptom provocation (Frewen et al., 2011; Hayes et al., 2012; Hopper et al., 2007), fear
processing (Bruce et al., 2013; Bryant et al., 2008; Williams et al., 2006) and rest (Brown
et al., 2013; Huang et al., 2014; Nicholson et al., 2015), in addition to altered amygdala
connectivity at rest to the insula (Fonzo et al., 2010; Nicholson et al., 2016; Rabinak et
al., 2011), hippocampus, cingulate cortex (Sripada et al., 2012) and medial PFC (Birn et
al., 2014; Stevens et al., 2013) (see Chapters 2 and 3). Critically, PTSD symptoms of
hyperarousal have been associated with negative medial PFC-amygdala coupling (Sadeh
et al., 2014), and hyper/hypo-activation of the amygdala and medial PFC, respectively,
during PTSD emotional processing (Bruce et al., 2013). This may represent attenuated
top-down inhibition from the PFC, on the amygdala, in PTSD patients (Lanius et al.,
2010; Pitman et al., 2012; Shin & Liberzon, 2010). The amygdala also displays
connectivity to lower order brain regions (Roy et al., 2009) such as the periaqueductal
gray (PAG), in order to orchestrate defense, and fear related processing (Kozlowska,
Walker, McLean & Carrive, 2015), which are heavily implicated in PTSD (Lanius et al.,
2014; Panksepp & Biven, 2012) and may be activated recurrently after trauma in a
suboptimal way (Kozlowska et al., 2015).
Interestingly, unique amygdala connectivity patterns among patients with PTSD have
been reported as a result of examining amygdalar complexes separately (Brown et al.,
2013; Nicholson et al., 2015; Chapter 2). Briefly, the basolateral amygdala complex
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(BLA) appears to be involved in the cortical integration of emotional processing and fearrelated learning, and is regulated by inhibition from the PFC (Duvarci & Pare, 2014). In
contrast, the centromedial amygdala complex (CMA) is reported to be involved in the
behavioural execution of fear responses, containing projections to the PAG and brainstem
(Duvarci & Pare, 2014; LeDoux, 1998; Phelps & LeDoux, 2005), and the superficial
amygdala complex (SFA) is further involved in affective, social, and olfactory processing
(Goossens et al., 2009; Heimer & Van Hoesen, 2006; Koelsch et al., 2013). In addition,
the left amygdala has been shown to be associated with the detailed/elaborate processing
of emotional stimuli, while inversely, the right amygdala engages in the rapid/automatic
detection of emotional stimuli (Baas, Aleman & Kahn, 2004; Sergerie, Chochol &
Armony, 2008). In sum, as the amygdala displays a central role in the pathophysiology of
PTSD (Etkin & Wager, 2007; Lanius et al., 2010; Pitman et al., 2012), characterized by
unique functional connectivity patterns among amygdalar complexes (Brown et al., 2013;
Nicholson et al., 2015), normalization of amygdala complex activity/connectivity in
PTSD patients could significantly attenuate symptoms in this patient population.
With regard to therapeutically altering PTSD brain connectivity and downstream effects
on behaviour, electroencephalogram (EEG) neurofeedback has been used as a noninvasive approach to plastically modulate large-scale neural networks – such as the
salience network, default mode network (DMN), and executive functioning network
(Kluetsch et al., 2014; Ros et al., 2013) – which have been shown to be implicated in
PTSD (Bluhm et al., 2009; Daniels et al., 2010; Lanius et al., 2015; Rabellino et al.,
2015; Shang et al., 2014; R. K. Sripada et al., 2012). Recent reports suggest covariation
between alpha oscillations and spontaneous changes in the aforementioned neural
networks associated with PTSD (Laufs et al., 2003; Sadaghiani et al., 2010). Alpha
oscillations (8-12 Hz) reflect a state of resting wakefulness, negatively correlated to tasks
requiring concentration (Nunez, Wingeier & Silberstein, 2001), and positively correlated
to the “task-negative” DMN (Jann et al., 2009; Mantini et al., 2007) – which is of
particular note given that the DMN and self-referential processing are known to be
altered in patients with PTSD (Lanius et al., 2015). Among PTSD patients, alpha
desynchronizing neurofeedback was found to induce a homeostatic “rebound” in alpha
synchronization post-training that was associated with reductions in hyperarousal
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(Kluetsch et al., 2014). Elsewhere, PTSD patients have been shown to be characterized
by decreased alpha oscillations (Huang et al., 2014; Ros et al., 2016).
The rationale for the current study manifests from the potential triangular relationship
between the following phenomena: i) aberrant amygdala complex connectivity has been
shown to be a central neural characteristic mediating PTSD psychopathology (Brown et
al., 2013; Lanius et al., 2010; Nicholson et al., 2015; Pitman et al., 2012; Shin &
Liberzon, 2010; Sripada et al., 2012), ii) EEG alpha desynchronization has previously
been shown to plastically alter the neural networks implicated in PTSD (Ros et al., 2013),
and iii) the latter has led to symptom alleviation among patients with PTSD (Kluetsch et
al., 2014). Hence, using the same dataset as (Kluetsch et al., 2014) in which neural
networks were successfully altered in patients with PTSD, we conducted a follow-up
study investigating amygdala complex connectivity before and after one 30-minute
session of alpha desynchronizing neurofeedback, in order to observe subcortical
mechanisms associated with behavioural and alpha oscillatory changes among patients.
Firstly, we predicted increased amygdala complex connectivity to mid-brain/brainstem
areas implicated in the defense cascade (such as the PAG), before neurofeedback.
Secondly, we predicted that neurofeedback would shift amygdala complex connectivity
towards enhanced coupling with the medial prefrontal cortex (mPFC) and emotion
regulation regions (Etkin, Egner & Kalisch, 2011), where we hypothesize this to be a
modulating mechanism underlying reduced arousal after neurofeedback.

4.3
4.3.1

Methods
Participants

The sample consisted of 21 participants who met DSM-IV criteria (APA, 2013) for a
primary diagnosis of PTSD (see Table 1 for demographic and psychometric information),
where all patients experienced childhood sexual and/or physical abuse. As previously
described by Kluetsch et al. (2014), Structured Clinical Interviews for DSM-IV Axis I
Disorders (First et al., 2002), and the Clinician-Administered PTSD scale (CAPS; cut-off
score >50; Blake et al., 1995), were employed by a trained psychologist to obtain Axis I
diagnoses; in addition, all participants completed the Childhood Trauma Questionnaire
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(CTQ; Bernstein et al., 2003) and the Multiscale Dissociation Inventory (MDI; Briere,
2002). Exclusion criteria for patients with PTSD included: diagnosis of psychotic
disorders over their lifetime, bipolar disorder, substance use disorders within the last 6
months, previous head trauma, significant untreated medical or neurological illness, and
noncompliance with 3T fMRI safety standards. At the time of study, eleven participants
were taking psychotropic medications, consisting of: citalopram (n = 2), fluoxetine (n =
1), sertraline (n = 1), clonazepam (n = 3), trazodone (n = 1), clozapine (n = 1), quetiapine
(n = 1), cipralex (n = 3), and mirtazapine (n = 1).

Table 4-1: Demographic and Psychometric Data

4.3.2

Procedure

Approval for the current study was obtained by Western University’s ethic board, where
all participants provided written informed consent (see Appendix F). Experimental
procedures were described in detail by Kluetch et al. (2014) and consisted of the
following, which occurred sequentially on the same visit: a resting state fMRI scan before
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neurofeedback, an EEG neurofeedback session, and a second fMRI scan after
neurofeedback. The time between the first and second fMRI scan was about 1 hour,
where participants went back into the fMRI scanner on average about 20 minutes after
neurofeedback. Immediately before and after the EEG neurofeedback session,
participants were administered the Spielberger’s State Anxiety Inventory (STAI;
Spielberger et al., 1983) and the Thayer’s Activation/Deactivation Adjective Checklist
(Thayer, 1986) in order to examine state anxiety and arousal levels, respectively.
Additionally, following neurofeedback training, we asked participants if they felt as
though they had control over the signal feedback they were receiving, how the experience
made them feel, and what strategy they found to be successful. Our proof-of-concept
study with healthy controls showed that successful alpha desynchronization via EEG
neurofeedback significantly alters network connectivity as compared to a sham region
(Ros et al., 2013). Importantly, there is also evidence to suggest that effective learning of
voluntary control of brain rhythms may be compromised after receiving false
neurofeedback (van Boxtel et al., 2012), and therefore a sham-feedback region was not
included. Moreover, neurofeedback represents a task which i) mitigates visual stimuli
dependent factors in experimental designs leading to greater intrinsic effects, ii) produces
the same reward contingencies across participants, and iii) has high variability in terms of
success between participants (Ros et al., 2014; 2013). Hence, neurofeedback represents
an elegant way to “clamp external milieu”, in order to delineate causal relationships (Ros
et al., 2014).

4.3.3

EEG Neurofeedback: Paradigm, Recording, and
Preprocessing

We followed the same EEG neurofeedback experimental design, in addition to recording
and preprocessing procedures, as previously reported by Kluetsch et al., (2014). The EEG
session consisted of a 3-minute baseline measure both before and after a 30-minute
neurofeedback training session. During baseline recordings, in which participants did not
receive neurofeedback, participants were instructed to relax with their eyes open and gaze
at a blank wall (limiting eye movements). The 30-minute neurofeedback session
consisted of participants attempting/learning to suppress real-time alpha amplitudes (8-
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12Hz) recorded from the midline parietal cortex (electrode Pz). Here signal feedback was
derived from Pz, as global alpha signal averaged across multiple electrodes, may lead to a
mixing of local cortical dynamics (Ros et al., 2013). This electrode was chosen based on
its location over the posterior cingulate cortex (PCC)/precuneus, which are major hubs of
the DMN whose blood oxygen level dependent signal changes have been correlated to
EEG alpha rhythm modulations (Jann et al., 2009; Mantini et al., 2007). The
neurofeedback paradigm (implemented through EEGer 4.2 neurofeedback software and
the ‘SpaceRace’ game) consisted of continuous real-time visual feedback in the form of a
moving spaceship, and a dynamic bar whose height was inversely proportional to
instantaneous alpha amplitude. Participants were instructed that the spaceship would only
move forward when they were in the zone of target brain activity (alpha lower than
threshold), and that the spaceship would stop when they were outside the zone of target
brain activity (alpha higher than threshold). In order to prevent demand characteristics
from affecting training, we did not give participants specific instructions for regulatory
strategies, nor were they informed about the type of EEG parameter/frequency that was
being targeted.

4.3.4

EEG Spectral Analysis

We calculated EEG spectral amplitudes offline via short-time Fourier transformations in
4-s epochs (50% overlapping with Hanning window) in the alpha frequency band (812Hz). In order to investigate whether patients were able to successfully lower their
absolute alpha amplitude during neurofeedback, as compared to the first baseline, we
conducted a Bonferroni corrected paired t-test for average absolute alpha amplitudes
during the initial baseline and during the entire neurofeedback training session. We
additionally conducted a Bonferroni corrected paired t-test comparing baseline absolute
average alpha amplitudes pre and post neurofeedback training, in order to investigate if
patients has plastically changed their absolute alpha amplitudes. In order to observe
percent signal change, we normalized alpha values for each participant, for the following
ratios of interest: a) “training alpha change” normalized by taking the ratio of average
alpha amplitude during neurofeedback as compared to the average alpha amplitude
during the first baseline, b) “resting alpha change” normalized using the ratio of the
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average alpha amplitude during the second baseline as compared to the first baseline.
Hence, with changes in alpha amplitude normalized, ratios >0 denote a relative %
increase in alpha amplitude, and inversely, values <0 demarcate a relative % decrease. In
order to observe relationships between training alpha change, resting alpha change, and
absolute alpha amplitude during the initial baseline, we computed a Pearson product
moment correlation between the two change scores and the score for the initial baseline
in SPSS (IBM Corporation, Armonk, NY, USA). This was conducted for global changes
of alpha amplitude (averaged across the 19 electrodes), in addition to local changes as
measured by Pz, in order to quantitatively compare local vs. global measures of alpha.

4.3.5

fMRI Acquisition and Preprocessing

Resting-state fMRI acquisition parameters are described in detail by Kluetsch et al.,
(2014). Image preprocessing and statistical analyses were conducted using Statistical
Parametric Mapping (SPM8 and SPM12, Wellcome Department of Neurology, London,
UK: hhtp://www.fil.ion.ucl.ac.uk/spm) within Matlab 8.3 (Mathworks Inc., MA.). Images
were subjected to slice-time correction (with reference to the middle slice), realignment
and further motion correction using ART software (Gabrieli Lab. McGovern Institute for
Brain Research, Cambridge, MA) which computes motion outlier regressors to be used in
the 1st level analysis as a covariate of no interest. Images were then coregistered to the
participant’s corresponding T1 anatomical image, and subsequently segmented,
normalized, and smoothed with an 8mm full-width-half-maximum (FWHM) Gaussian
kernel. Band-pass filtering was conducted using successive application of a high-pass and
low-pass filter (frequency cut-offs 0.012 Hz and 0.1 Hz respectively) using in-house
software by co-author Jean Théberge. Amygdala complex seed masks were created using
SPM’s Anatomy Toolbox (Eickhoff et al., 2005) featuring cytoarchitectonically-based
probability maps of the amygdala. Connectivity correlations were standardized using a
Fisher r-to-Z transformation in SPM.

4.3.6

fMRI Connectivity Analysis

For each participant, a mean signal intensity time course was extracted from SPM’s
Anatomy Toolbox for each of the six seed regions (bilateral BLA, CMA and SFA), to be
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used as a regressor in a correlation analysis delineating functional connectivity. This was
done separately for pre and post neurofeedback resting state scans. Both positive
correlations and negative correlations were examined. An initial whole-brain 2
(neurofeedback) × 2 (whole amygdala hemisphere) repeated measures full-factorial
analysis of variance (ANOVA) was conducted in the second level, in order to first
observe any plastic changes in amygdala functional connectivity as a result of
neurofeedback, justifying subsequent examination of amygdala complexes separately.
The neurofeedback factor consisted of 2 levels: pre and post neurofeedback, and the
amygdala factor consisted of 2 levels: left and right whole amygdala seeds, averaging
mean signal intensity time courses from all amygdala complexes in each corresponding
hemisphere (BLA, CMA and SFA) extracted using SPM’s Anatomy Toolbox. The levels
within the neurofeedback factor and amygdala hemisphere factor were set to dependent in
order to account for repeated measures. To investigate changes in amygdala complex
connectivity as a function of alpha desynchronization, we examined the neurofeedback ×
whole amygdala hemisphere interaction, which yielded 4 significant (FWE-corrected p <
.05, k = 10) gray matter clusters (see Table 2 for ANOVA results), including the
cerebellar culmen, lentiform nucleus of the putamen/hippocampus, dorsal PAG, and the
PCC. Follow-up comparisons of the peak coordinates (limited to 6mm spheres centered
around coordinate) meeting the above error rate protection were then conducted using
one-sample t-tests; in addition, paired t-tests were also conducted in order to examine
differences in amygdala complex connectivity to these regions as a result of
neurofeedback. Follow-up analyses utilized p-uncorrected < .005 and k = 10, in
accordance with the suggestion of Lieberman and Cunningham (2009) to balance the
relative risk of Type I versus II error rates, and to protect against circularity/inflating
significance values via using our own data to correct post-hoc analyses (Kriegeskorte et
al., 2012; Nicholson et al., 2015; Vul & Pashler., 2012). The cerebral aqueduct was
exclusively masked using PickAtlas, in order to control for CSF signal. Similarly, the
mPFC was specified a-priori and used to conduct a region-of-interest analysis, utilizing
the same error protection rate as the ANOVA (FWE-corrected p < .05 k = 10) for the
aforementioned one-sample and paired-sample t-tests with a 6-mm radius sphere (MNI x,
y, z, = 1, 60, -1; Bruce et al., 2013). Additionally, in order to examine if medication status
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had a significant effect on the current results, we included this variable as a binary
covariate (0 = absent, 1 = present). This did not change the results in question, except for
marginally altering the voxel number within ANOVA clusters.

Table 4-2: Repeated Measures ANOVA 2 (Neurofeedback) × 2 (Whole Amygdala
Hemisphere)

4.3.7

Multiple Regression Analysis

We first conducted paired t-tests on Thayer/STAI scales in order to uncover significant
differences between pre and post neurofeedback measures of state arousal and anxiety,
respectively. In addition to Thayer/STAI scales, we also evaluated the following
measures as predictors of amygdala complex connectivity changes as a result of the
neurofeedback intervention: alpha amplitude change during neurofeedback (relative to
baseline), pre-post resting alpha amplitude change, and baseline measures of total CAPS
total, average MDI, average MDI depersonalization/derealisation subscales. For
amygdala complex connectivity, we used ImgCal in SPM12, to calculate both pre>post
and post>pre contrasts, on the subject level. These extracted values we then entered into a
multiple regression analyses (separate analysis for each amygdala complex and each
predictor), utilizing the aforementioned error protection rate for follow-up ANOVA
interaction analyses, in addition to separately examining the mPFC a-priori region-ofinterest (FWE-corrected p < .05, k =10).
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4.4
4.4.1

Results
Subjective Results from Neurofeedback

When examining self-reports, 80% (17 of 21) of patients felt they had a sense of control
over the feedback signal, and reported that they felt more relaxed, calm, and clear-minded
after the neurofeedback session (see Kluetsch et al., 2014 for details). Strategies used to
make the spaceship move, or decrease alpha amplitude, most commonly included focused
visual attention. Several participants also reported that feeling positive emotions induced
spaceship movement, whereas inversely, trauma-related thoughts would stop spaceship
movement. Interestingly, many participants reported not being as overwhelmed by
trauma-related thoughts during neurofeedback.
When examining the Thayer scores via paired t-tests, we detected a significant decrease
in arousal after neurofeedback (t(20) = 2.72; p < 0.05). Therefore, this measure was used
as a regressor in subsequent analyses. On the other hand, when examining STAI state
anxiety scores, we did not observe a significant difference in pre and post neurofeedback
values.

4.4.2

EEG Spectral Analysis

The EEG results have been previously described by Kluetsch et al. (2014). Via paired ttests, we observed significantly reduced absolute alpha band amplitude during
neurofeedback as compared to the first baseline, at both the Pz feedback site (t(20) = 3.19, p < 0.05), as well as the global average (t(20) = -3.21, p < 0.05), forming the basis
of the “training alpha change” variable. In juxtaposition, paired t-tests showed a
significant increase (rebound) in alpha amplitude during the second as compared to the
first baseline, for both the Pz feedback site (t(20) = 3.54, p < 0.05) and global average
(t(20) = 3.67, p < 0.05). This difference formed the basis of the “resting alpha change”
variable, defined as the ratio between the average alpha amplitudes during the first and
second baseline for each subject (Figure 1). Notably, when controlling for absolute alpha
amplitude at the first baseline, “training alpha change” was negatively correlated with
“resting alpha change” for the global amplitude measure (global: rpartial = -0.52, p < 0.05;
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Pz: rpartial = -0.42, p = 0.06); indicating that greater alpha decreases during neurofeedback,
led to stronger increases in alpha after neurofeedback (i.e., larger “rebound”).

Figure 4-1: Alpha desynchronizing neurofeedback.
Figure 1: Bar graphs showing mean alpha (8-12 Hz) amplitudes (calculated offline using average-reference
montage) averaged across all participants for Baseline 1, Neurofeedback, and Baseline 2. This was done
globally (left) across all 19 electrodes, and at the Pz feedback site (right). * Indicates significance threshold
of p < 0.01, and ** p < 0.005. Error bars represent 1 standard error of the mean.

4.4.3

One-Sample Amygdala Complex Functional Connectivity

Briefly, both pre and post neurofeedback functional connectivity analyses displayed
significant positive amygdala complex connectivity (bilateral BLA, CMA and SFA) to
the PAG, lentiform nucleus of the putamen, PCC, and the anterior lobe culmen of the
cerebellum (see Appendix G, Supplemental Results; Table s1). Interestingly, when
examining the mPFC a-priori region-of-interest, only the left CMA displayed significant
connectivity to this region pre-neurofeedback; inversely, all amygdala complexes
(bilateral BLA, CMA, SFA) displayed significant connectivity to the mPFC postneurofeedback. Additionally, when examining pre neurofeedback functional connectivity,
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the left SFA displayed significant connectivity to the hippocampus, while the left CMA
exhibited connectivity to red nucleus of the brainstem.

4.4.4

Differences in Pre and Post Neurofeedback Amygdala
Complex Functional Connectivity

Pre Neurofeedback. When examining increased amygdala complex connectivity for the
pre-neurofeedback as compared to the post-neurofeedback condition, we observed greater
connectivity between the left BLA and the PAG, as well as between the left SFA and the
left PAG and left hippocampus (see Table 3; Figure 2).
Post Neurofeedback. Inversely, when examining increased amygdala complex
connectivity in the post-neurofeedback as compared to the pre-neurofeedback condition,
we observed an increase in connectivity between the right CMA and the mPFC (see
Table 3; Figure 2).
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Figure 4-2: Amygdala complex connectivity before and after neurofeedback
intervention.
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Figure 2: Clusters representing greater connectivity from amygdala complex seeds before neurofeedback
intervention: a) left BLA to the PAG, b) left SFA to the left PAG, c) left SFA to the left hippocampus, as
compared to after neurofeedback within PTSD patients. Non-significant differences were found with
respect to the right BLA, right SFA, and bilateral CMA, when examining increased amygdala functional
connectivity pre neurofeedback as compared to post neurofeedback. Inversely, we report increased
amygdala complex connectivity after neurofeedback, as compared to before neurofeedback, d) right CMA
to the mPFC. Here, non-significant differences were found when examining increased amygdala complex
connectivity post neurofeedback, as compared to pre neurofeedback, for the left CMA, bilateral BLA, and
bilateral SFA. The follow up comparison statistical threshold was p-uncorrected < .005, k =10. * Indicates
the a-priori region-of-interest analysis, in which p-FWE < .05, k =10 was employed. X, Y, and Z indicate
the position of brain slices displayed in MRIcron software. Abbreviations: R = right hemisphere, P =
posterior, BLA = basolateral amygdala complex, CMA = centromedial amygdala complex, SFA =
superficial amygdala complex, mPFC = medial prefrontal cortex, PAG = periaqueductal gray, FWE =
familywise error protection rate.

Table 4-3: Pre and Post Neurofeedback Differences in Amygdala Complex
Functional Connectivity

4.4.5

Multiple Regression Analyses

CAPS Total. After neurofeedback, patient CAPS total scores were negatively correlated
to connectivity between the right BLA and right mPFC, and the right SFA and right PCC.
Furthermore, greater CAPS scores after neurofeedback were positively correlated to
connectivity between the left BLA and the left dorsal PAG, and between the left BLA
and the left putamen (see Table 4; Figure 3).
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Figure 4-3: Clinical symptom correlations
Figure 3: Representative scatter plots depicting amygdala complex connectivity regression results with
calmness (arousal), the Clinician Administered PTSD Scale (CAPS total), and resting alpha change. The xaxis pertains to either calmness, CAPS total, or resting alpha change, while the y-axis indicates the beta
value representing amygdala complex connectivity. The top portion illustrates greater connectivity post
neurofeedback as compared to pre neurofeedback, while the lower portion illustrates greater connectivity
pre neurofeedback as compared to post neurofeedback. Abbreviations: BLA = basolateral amygdala
complex, CMA = centromedial amygdala complex, SFA = superficial amygdala complex, mPFC = medial
prefrontal cortex, PAG = periaqueductal gray, PCC = posterior cingulate cortex.
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Table 4-4: Predictors of Amygdala Complex Functional Connectivity Within PTSD
Patients

Arousal. Before neurofeedback, arousal was positively correlated with connectivity
between the bilateral CMA and the dorsal PAG. After neurofeedback, greater calmness
(decreased arousal) was significantly associated with connectivity between the bilateral
BLA and right SFA to the right anterior lobe cerebellar culmen (see Table 4; Figure 3).
Resting Alpha Change. Relative changes in baseline alpha amplitude (resting alpha
change), was negatively correlated to pre-neurofeedback connectivity between the left
CMA and right SFA to the putamen (see Table 4; Figure 3).
MDI averaged scores, and MDI depersonalization/derealization averages, in addition to
training alpha change, did not significantly predict differences in pre and post
neurofeedback amygdala complex connectivity. Additionally, we identified outliers in
both arousal and resting alpha change scores for the regression analyses via Cook’s
Distance criteria of >1, where distribution normality was also violated via Shapiro Wilks
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test. However, outliers and normality violations were resolved via a log 10 transformation
of arousal and resting alpha change scores, where significant results remained throughout
the analyses. Thus, our results proved to be outlier- independent, and statistical
distribution assumptions were met.

4.5

Discussion

We previously demonstrated that large-scale functional brain networks implicated in
PTSD could be plastically modified using EEG alpha rhythm desynchronization – which
was associated with symptom alleviation and a “rebound” in alpha synchronization post
neurofeedback (Kluetsch et al., 2014). Here we show that a 30-minute session of
neurofeedback is also capable of shifting amygdala complex connectivity from “bottomup” areas implicated in defensive, emotional, and fear processing/memory retrieval, to
“top-down” prefrontal emotion regulation regions. Consistent with neurocognitive
models of PTSD (Lanius et al., 2010), this shift in amygdala complex connectivity was
positively associated with reduced hyperarousal among patients, together with a stronger
“rebound” of alpha synchronization, and negatively correlated to PTSD symptom
severity.

4.5.1

Therapeutic Shift Away from Lower Order Regions

We report increased connectivity before neurofeedback from the left BLA and left SFA
to the PAG, as compared to the post neurofeedback condition, which may reflect
increased fear and defense circuit processing in PTSD patients before the intervention.
The PAG is a midbrain structure that is implicated in pain perception, analgesia, anxiety,
defense circuits, and fear processing/expectancy (Bandler et al., 2000; Johansen et al.,
2010; Linnman et al., 2012; Merker, 2007). Moreover, the dorsolateral (dl)PAG,
constituting current clusters, has been showed to be involved in “active” sympathetic
nervous system threat defenses (Bandler et al., 2000; Lanius et al., 2014), fear learning
during life threatening situations (Kincheski et al., 2012), and fight-or-flight responses, in
which a critical amygdala-hypothalamus-PAG circuit has been delineated (Kozlowska et
al., 2015). This suggests that the BLA and SFA amygdala complexes may be integrating
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emotional processes (Goossens et al., 2009; Heimer & Van Hoesen, 2006; Koelsch et al.,
2013) from the PAG related to active defense mechanisms and fight-or-flight responses,
reflecting hyperarousal of emotions characteristic of PTSD patients prior to
neurofeedback. In support of this, Porges (2009; 2007) has proposed a model of
“neuroception”, which allows individuals to subcortically assess environmental risks and
safety, involving both the amygdala and PAG. Thus, hypermonitoring of neuroception
may also be attenuated after neurofeedback.
The PAG is a central convergence zone involved in all basic emotional circuits in humans
(Panksepp, 2011). Interestingly, Damasio et al. (2000) has demonstrated that the PAG is
involved in a broad spectrum of emotions, including fear and sadness, related to reexperiencing personal events. However, the PAG has largely been neglected in the PTSD
and neuroimaging literature (Kincheski et al., 2012). Here, when examining post vs. pre
neurofeedback connectivity, CAPS scores were positively correlated to connectivity
between the left BLA- left PAG, and reductions in PTSD arousal were negatively
correlated to bilateral CMA- PAG connectivity, suggesting that higher levels of PTSD
symptoms and arousal are associated with stronger amygdala-PAG connectivity profiles
remaining after neurofeedback.
In line with these findings, hyperactivation has been reported in the amygdala and PAG
during PTSD symptom provocation (Pissiota et al., 2002), and Mobbs et al. (2009) show
that as a perceived threat moves closer, neural activity shifts from the ventromedial PFC
to the PAG, where PAG activation was associated with pain expectancy, dread and
perceived inability to escape. This has strong implications for PTSD hyperarousal due to
chronic activation of defensive cascades and stress responses, involving the PAG, which
may be activated recurrently after trauma in a suboptimal way (Kozlowska et al., 2015)
(i.e., trauma threats may always be perceived as proximal in PTSD patients). Hence it has
been suggested that decreasing amygdala-PAG activity may be a potential treatment to
decrease anxiety (Kozlowska et al., 2015).
In the current study we also report increased connectivity from the left SFA to the
hippocampus, before neurofeedback as compared to after, which may represent an
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exacerbated connection between emotional processing and autobiographical memory
within PTSD patients before neurofeedback intervention. The hippocampus is
reciprocally linked to the amygdala, where both are involved in fear and anxiety circuits
(Pitman et al., 2012; Ravindran & Stein, 2009), as well as autobiographical memory
retrieval (Greenberg et al., 2005). This suggests increased fear/anxiety circuit processing
in relation to autobiographical memory in PTSD patients before neurofeedback, where
the SFA is associated with affective/social processing (Goossens et al., 2009; Heimer &
Van Hoesen, 2006; Koelsch et al., 2013). Additionally, the hippocampus integrates
contextual information into memories, gating amygdala emotional activity according to
fear context (Sotres-Bayon et al., 2012), where it has been suggested that hippocampal
contextual functioning may be altered in patients with PTSD (Shin & Liberzon, 2010).
Hence, hippocampal dysfunction may reflect a failure to recognize safe contexts and
aberrant memory function for neutral material (Pitman et al., 2012), paralleling
hyperaroused emotional states within PTSD patients prior to intervention. On balance,
aberrant hippocampal connectivity, and hyperactivation with the amygdala, have been
associated with PTSD symptoms of re-experiencing, avoidance, and disorder severity
(Sadeh et al., 2014; Shin et al., 2004; Sripada et al., 2013). This parallels our current
findings as decreased PTSD symptoms were found to concatenate with decreased
amygdala-hippocampal connectivity. Similarly, Cisler et al. (2014) report increased
connectivity between the amygdala and hippocampus among PTSD patients during
traumatic reminders as compared to neutral processing, where the authors suggest this
reflects over-generalized fear conditioning after trauma. In sum, decreased connectivity
with the amygdala post neurofeedback treatment suggests normalization of this neural
network, and perhaps less emotional arousal triggered by autobiographical trauma related
memories.
Lastly, when examining post vs. pre neurofeedback connectivity, CAPS scores were
positively correlated to connectivity between the left BLA and the left putamen. The
putamen has recently been identified as a key region in the “hate circuit” (Zeki &
Romaya, 2008), and has been associated with sensorimotor and stimulus response
coordination (Grahn, Parkinson & Owen, 2008), showing implications for hypervigilance
and readiness for action in PTSD. Furthermore, the putamen has been shown to be active
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during threat processing related to pain (Butler et al., 2007) and during flashbacks of
trauma in PTSD patients (Osuch et al., 2001). Similarly, increased alpha synchronization
after desynchronizing neurofeedback (rebound), was negatively correlated with pre vs.
post neurofeedback connectivity from the left CMA and right SFA to the putamen.
Speculatively, putamen functions associated with threat processing, flashbacks, and hate
circuitry, may be related to exacerbated PTSD symptoms pre neurofeedback, thereby
negatively correlating to successful resting alpha change.

4.5.2

Therapeutic Shift Towards Emotion Regulation/Modulation
Regions

In the current study, we report a shift in amygdala connectivity from regions involved in
fear processing and fear memory, to ventromedial emotion regulation cortical areas
(Etkin et al., 2011). Here, we observed increased right CMA amygdala connectivity to
the medial PFC after neurofeedback, as compared to pre neurofeedback. This suggests
top-down emotional regulation over the amygdala (Etkin et al., 2011), where specifically
the CMA is involved in the execution of fear responses (Duvarci & Pare, 2014).
Speculatively, this regulatory connection may underlie the alleviation of symptoms
observed in PTSD patients after neurofeedback (also see Chapter 5). In support of this
mechanism, when examining post vs. pre neurofeedback connectivity, greater CAPS
scores were negatively correlated to connectivity between the right BLA and right mPFC,
where the BLA is involved in integrating cortical emotional processing (Duvarci & Pare,
2014). Notably, when examining 1-sample t-tests, all amygdala complexes displayed
connectivity to the medial PFC after neurofeedback, in juxtaposition to only the left
CMA complex showing connectivity to the medial PFC before neurofeedback
Of importance, the medial PFC has direct anatomical projections to the amygdala and
plays a central role in the “top-down regulation” of amygdala processing (Ghashghaei
Hilgetag, & Barbas, 2007), the inhibition of negative affect (Banks et al., 2007; Phan et
al., 2005), and amygdala activity during real-time fMRI neurofeedback emotion
regulation (Paret et al., 2015; Zotev et al., 2013, 2011). On balance, Banks et al. (2007)
show that amygdala-dmPFC coupling is negatively correlated to negative affect, where
inversely, hyperarousal has been associated with negative mPFC-amygdala coupling in
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PTSD patients (Sadeh et al., 2014). In line with the current findings, it is widely accepted
that PTSD patients are characterized by failed top-down inhibition of emotion generation
regions, such as the amygdala (Etkin & Wager, 2007; Lanius et al., 2010, 2007; Pitman et
al., 2012; Shin & Liberzon, 2010; Weston, 2014), where mPFC activation has been
negatively correlated to PTSD symptom severity (Dickie et al., 2008; Hopper et al., 2007;
Shin & Liberzon, 2010; Williams et al., 2006; Yin et al., 2011). Notably, increased mPFC
activation has been reported when examining neural activity post treatment among PTSD
patients (Peres et al., 2007; Ravindran & Stein, 2009; Seedat et al., 2004; Shin &
Liberzon, 2010). Hence, increased mPFC-amygdala coupling in the current study may be
related to increased cortical modulation of the amygdala and negative affect, showing
implications for arousal attenuation mechanisms through neurofeedback.
Additionally, for post vs. pre neurofeedback connectivity, reduced arousal was positively
correlated with connectivity from the bilateral BLA and right SFA to the right anterior
lobe cerebellar culmen, and greater CAPS scores were negatively correlated to
connectivity between the right SFA and right PCC. Here, the cerebellar culmen has been
shown to be involved in executive functioning and emotional processing (Stoodley &
Schmahmann, 2009), suggesting emotional modulation over amygdala complexes after
neurofeedback concomitant with reduced arousal. Furthermore, the posterior cingulate
cortex is involved in directed attention (Leech & Sharp, 2014), suggesting that focused
attention related to the neurofeedback task may help to facilitate calmness (reduced
arousal).
In the present study, we have demonstrated that the cortex of PTSD patients is
sufficiently plastic such that 30-minutes of targeted volitional activity via neurofeedback
is capable of reconfiguring amygdala complex connectivity. Other recent studies have
reported functional connectivity changes as a result of neurofeedback (Hamilton et al.,
2011; Kluetsch et al., 2014; Ros et al., 2013). Specifically, the average elapsed time of 20
minutes following neurofeedback in which we obtained our second fMRI scan, is
superior to the 15 minutes cut-off used to substantiate LTP (long-term potentiation) from
STP (short-term potentiation) -like brain plasticity (Schulz & Fitzgibbons, 1997). Hence,
our experiment provides a temporally direct association between neurofeedback and
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plastic modulation of amygdala complex connectivity. Based on recent work, we expect
that repeated sessions would be required to induce longer lasting effects that are stable for
weeks/months (Engelbregt et al., 2016), which we hope to address with a randomized
control trial currently underway in our laboratory.

4.6

Limitations

First, as our EEG protocol has been validated in a randomized, placebo-controlled study
with healthy individuals (Ros et al., 2013), a sham-feedback region was not included in
the current analysis. This was also done for ethical reasons as to mitigate feelings of
frustration and failure, as well as to not attenuate benefits of neurofeedback treatment in
the future (Van Boxtel et al., 2012). Although, the objective of the current study was to
investigate subcortical mechanisms related to behavioural and alpha oscillatory changes
in patients. Here, the reported results can be viewed as more dependent, “cause and
effect” relationships, as neurofeedback mitigates visual stimuli dependent factors in
experimental designs, leading to greater intrinsic effects, produces the same reward
contingencies across participants, and has high variability in terms of success between
participants (Ros et al., 2014, 2013). Hence neurofeedback represents an elegant way to
“clamp external milieu”, in order to delineate causal relationships (Ros et al., 2014), as
participants’ entrained neuronal differences may be considered as resulting minimally
from external factors and can instead be regarded as being driven by the modulation of
intrinsic, stimulus- independent brain states. As a future direction, studies should include
a psychiatric control group with disorders other than PTSD, and separately examine the
dissociative subtype of PTSD in a larger sample (see Chapters 2 and 3). Moreover,
subsequent experiments should employ simultaneous EEG/fMRI recordings during
resting state and neurofeedback, and examine the effects of general relaxation or focused
attention. Our sample consisted of a large portion of patients on medication (although this
did not appear to affect our results when conducting regression analyses). Effects of
medication on neurofeedback should be more directly examined. Finally, effects of
repeated administration of EEG neurofeedback should be investigated and studied
longitudinally.

107

4.7

Conclusions

In summary, we show that after a 30-minute session of alpha amplitude reduction via
EEG neurofeedback, amygdala complex connectivity concomitantly shifts from areas
implicated in defensive, emotional, and fear processing/memory retrieval, to prefrontal
emotion regulation regions. This shift in amygdala complex connectivity was positively
associated with reduced arousal among PTSD patients and more alpha “rebound”, and
negatively correlated to PTSD symptom severity. These results have significant
implications for developing non-invasive interventions which utilize neurofeedback (see
Chapter 5), and provides evidence of neuronal reconfiguration after neurofeedback
between areas highly implicated in PTSD. This therapeutic shift from lower order regions
to emotion regulation regions further suggests that future PTSD studies should examine
the entire neural axis, devoting more attention to lower order brains regions, such as the
PAG, given their central role in emotional processing.
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5

The Neurobiology of Emotion Regulation in
Posttraumatic Stress Disorder: Amygdala
Downregulation via Real-Time fMRI Neurofeedback4
5.1

Abstract

Amygdala dysregulation has been shown to be central to the pathophysiology of
posttraumatic stress disorder (PTSD) representing a critical treatment target. Here,
amygdala downregulation was targeted using real-time fMRI neurofeedback (rt-fMRI-nf)
in patients with PTSD, allowing us to examine further the regulation of emotional states
during symptom provocation. Patients (n=10) completed three sessions of rt-fMRI-nf
with the instruction to downregulate activation in the amygdala, while viewing
personalized trauma words. Amygdala downregulation was assessed by contrasting (a)
regulate trials, with (b) viewing trauma words and not attempting to regulate. Training
was followed by one transfer run not involving neurofeedback. Generalized
psychophysiological interaction (gPPI) and dynamic causal modeling (DCM) analyses
were also computed to explore task-based functional connectivity and causal structure,
respectively. It was found that PTSD patients were able to successfully downregulate
both right and left amygdala activation, showing sustained effects within the transfer run.
Increased activation in the dorsolateral and ventrolateral prefrontal cortex (PFC), regions
related to emotion regulation, was observed during regulate as compared with view
conditions. Importantly, activation in the PFC, rostral anterior cingulate cortex, and the
insula, were negatively correlated to PTSD dissociative symptoms in the transfer run.
Increased functional connectivity between the amygdala and both the dorsolateral and
dorsomedial PFC was found during regulate, as compared with view conditions during
neurofeedback training. Finally, our DCM analysis exploring directional structure
suggested that amygdala downregulation involves both top-down and bottom-up
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information flow with regard to observed PFC-amygdala connectivity. This is the first
demonstration of successful downregulation of the amygdala using rt-fMRI-nf in PTSD,
which was critically sustained in a subsequent transfer run without neurofeedback, and
corresponded to increased connectivity with prefrontal regions involved in emotion
regulation during the intervention.

5.2

Introduction

It has been well documented that dysregulation of amygdala neural circuitry – a brain
region associated with the generation and processing of emotions (Duvarci & Pare, 2014;
Frank et al., 2014; LeDoux, 2007) – is central to the development and maintenance of
symptoms experienced by patients with posttraumatic stress disorder (PTSD) (Aghajani
et al., 2016; Birn, Patriat, Phillips, Germain, & Herringa, 2014; Etkin & Wager, 2007;
Lanius, Frewen, Tursich, Jetly, & Mckinnon, 2015; Lanius et al., 2010; Mickleborough et
al., 2011; Patel, Spreng, Shin, & Girard, 2012; Pitman et al., 2012; Shin & Liberzon,
2010; Stevens et al., 2013; Weston, 2014; Yehuda et al., 2015). The amygdala, along
with the prefrontal cortex (PFC), a region central to emotion regulation (Etkin, Egner, &
Kalisch, 2011; Etkin, Büchel & Gross, 2015), displays unique activation patterns among
PTSD patients across a number of modalities, including symptom provocation (Frewen et
al., 2011; Hayes, Hayes, & Mikedis, 2012; Hopper et al., 2007), fear processing (Bruce et
al., 2013; Bryant et al., 2008; Williams et al., 2006; Wolf et al, 2016; Zhu et al., 2016),
and resting state (Brown et al., 2014; Huang et al., 2014; Koch et al., 2016; Nicholson et
al., 2015). Critically, during rest, the amygdala also displays altered connectivity to the
cingulate cortex (Brown et al., 2014; Nicholson et al., 2015; Sripada et al., 2012), insula
(Fonzo et al., 2010; Nicholson et al., 2016a; Rabinak et al., 2011; Sripada et al., 2012)
and PFC (Birn et al., 2014; Brown et al., 2014; Nicholson et al., 2015; Stevens et al.,
2013) among patients with PTSD.
Notably, heightened symptoms of hyperarousal in PTSD are correlated with negative
medial PFC-amygdala coupling (Sadeh et al., 2014), and hyper/hypo-activation of the
amygdala and medial PFC, respectively, during emotional processing (Bruce et al.,
2013). This pattern of findings points towards attenuated top-down inhibition from the
PFC and rostral anterior cingulate (ACC) on the amygdala in the majority of PTSD
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patients, leading to hyperactivation of the limbic system, contributing to the emotion
dysregulation observed in the disorder (Admon et al., 2013; Aupperle, Melrose, Stein, &
Paulus, 2012; Hopper et al., 2007; Lanius et al., 2010; Pitman et al., 2012; Ronzoni, del
Arco, Mora & Segovia, 2016; Shin & Liberzon, 2010; albeit unique patterns of activation
among PTSD patients displaying dissociative symptoms). Accordingly, it has been
suggested that downregulation of the amygdala through recruitment of emotion
regulatory resources from the PFC may represent a potential treatment for patients with
PTSD (Doll et al., 2016; Koch et al., 2016). Indeed, the efficacy of
electroencephalography neurofeedback (EEG-nf) targeting these regions has already been
illustrated (Kluetsch et al., 2014; Reiter, Andersen & Carlsson, 2016). Here, EEG-nf has
been shown to plastically modify the aforementioned neural circuitry mediating PTSD,
leading to acute symptom alleviation (Kluetsch et al., 2014). Specifically, one 30-minute
session of alpha desynchronizing EEG-nf was shown to shift amygdala complex
connectivity away from fear/defense processing and memory regions towards prefrontal
emotion regulation areas after intervention (see Chapter 4; Nicholson et al., 2016b). In
contrast to EEG-nf, real-time fMRI neurofeedback (rt-fMRI-nf) offers enhanced spatial
resolution thereby increasing potential for targeted treatment. To date however, rt-fMRInf has not been utilized with PTSD patients to investigate and normalize aberrant neural
activity/connectivity.
Rt-fMRI-nf utilizes a brain-computer interface to process and feedback real-time BOLD
signal activation in a region-of-interest (ROI) to individuals inside the scanner. Ergo,
participants are presented with online information that corresponds to their success in
regulating the ROI. This neuroimaging method allows for the exploration of neural
mechanisms that underlie concomitant shifts in performance due to feedback training
(Sitaram et al., 2007). Several studies have examined the capacity to regulate emotions by
targeting neurofeedback of the amygdala using rt-fMRI-nf, in healthy individuals (Brühl
et al., 2014; Keynan et al., 2016; Paret et al., 2014; Paret et al., 2016b; Zotev et al., 2011)
as well as in psychiatric populations, including borderline personality disorder (BPD)
(Paret et al., 2016a), and major depressive disorder (Young et al., 2014; Zotev et al.,
2016). In support of this concept, self-regulation of the amygdala as compared to sham
regions via rt-fMRI-nf has been shown to concomitantly affect activation in PFC areas
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involved in emotion regulation, as well as enhance amygdala-PFC connectivity (Koush et
al., 2013; Paret et al., 2014; 2015, 2016b; Zotev et al., 2011) and amygdala-rostral ACC
coupling (Zotev et al., 2011). Similarly, using rt-fMRI-nf to target the regulation of the
lateral PFC during cognitive reappraisal resulted in decreased amygdala BOLD response
(Sarkheil et al., 2015). Moreover, active pain coping through rt-fMRI-nf was associated
with increased activity in the PFC and ACC (Emmert et al., 2016). Critically, in a
feasibility rt-fMRI amygdala downregulation study, involving three patients with PTSD
(Gerin et al, 2016), patients reported an acute decrease in symptoms along with a
concatenate normalization of brain connectivity, albeit, explicit amygdala downregulation
was not reported.
The aim of the present study was therefore to investigate the ability of PTSD patients to
self-regulate PTSD-related emotional states by utilizing rt-fMRI-nf to downregulate the
amygdala. An additional aim was to better understand the neural connectivity underlying
the psychopathology of this disorder by use of online emotion regulation. We predicted
that exposure to personalized trauma words while downregulating the amygdala would
recruit prefrontal emotion regulation regions (dorsolateral and ventrolateral) (Etkin et al.,
2015) as compared to simply viewing personalized trauma words. Moreover, we
predicted that during neurofeedback training, amygdala connectivity to the same PFC
regions would be strengthened. Finally, we predicted that activation of the PFC, rostral
ACC and insula would be correlated to state PTSD symptoms during neurofeedback
training.

5.3
5.3.1

Methods
Participants

The sample consisted of n=10 PTSD patients (see Table 1 for demographic and clinical
information). Participants were recruited in 2015 through flyers and clinician referrals.
Exclusion criteria for participants with PTSD included: noncompliance with 3T fMRI
safety standards, a history of head injury with loss of consciousness, significant untreated
medical illness, neurological disorders, pervasive developmental disorders, and
pregnancy. Further clinical exclusion criteria for PTSD patients included a history of
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bipolar disorder or schizophrenia, and alcohol or substance dependence/abuse not in
sustained full remission within 6 months prior to participation in the study. Participants
were assessed using the DSM-IV Structured Clinical Interview (SCID) (First et al.,
2015), the Clinical Administered PTSD Scale (CAPS-5) (Blake et al., 1995), Beck’s
Depression Inventory (BDI) (Beck, Guth, Steer & Ball, 1997), the Childhood Trauma
Questionnaire (CTQ) (Bernstein et al., 2003), and the Multiscale Dissociation Inventory
(MDI) (Briere, Weathers et al., 2005). In addition, to assess state changes in PTSD and
dissociative symptoms, participants completed the Response to Script Driven Imagery
(RSDI) Scale (Hopper et al., 2007) after each of the 4 fMRI runs, which consisted on the
following subscales: dissociation, hyperarousal, avoidance and reliving. All scanning
took place at the Lawson Health Research Institute in London, Ontario, Canada. The
research ethics board at the University of Western Ontario approved the current study
(see Appendix A), and all participants provided written informed consent.
Table 5-1: Demographic and Clinical Information

5.3.2

Experimental Conditions, Visual Feedback and Instructions

Participants were instructed to “regulate the feeling center of their brain”, referencing the
role of this region (the amygdala) to the perception and processing of emotions. In order
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to elicit unbiased regulatory strategies, specific instructions on how to regulate the brain
region-of-interest (ROI) was not provided. During training trials, neurofeedback of the
amygdala was displayed in the form of two identical thermometers on the left and right
side of the screen inside the scanner (to ensure high visibility), where the bars on the
thermometer increased or decreased as BOLD signal increased vs. decreased in the
amygdala respectively. Patients were told that the orange line within the thermometer
indicated the activation level in the ROI at rest (see Figure 1). Participants were provided
with written instructions, followed by a sham example within the scanner to ensure that
they understood the task.

Figure 5-1: Conditions and experimental design
Figure 1: Real-time fMRI amygdala neurofeedback experimental design. Participants were only instructed
to downregulate neurofeedback thermometer bars, corresponding to amygdala activation, on regulate trials.
Condition duration was 24 s, with 2 s of instructions prior. Personalized trauma words were presented in
the scanner for regulate and view conditions, while neutral words were presented for the neutral conditions
only
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Our experiment consisted of 3 conditions i) regulate, ii) view, and iii) neutral (see figure
1). During the regulate condition, patients were asked to decrease activity in the ROI
(decrease bars on the thermometer corresponding to the amygdala), while viewing a
personalized trauma word according to standard methods (Rabellino et al., 2015, 2016).
During the view condition, patients were asked to refrain from regulating the
thermometer bars and to simply view their personalized trauma word. During the neutral
condition, patients were simply presented with a personalized neutral word, and asked to
refrain from regulating the bars. Trials were separated by an inter-trial fixation cross
interval. Our experimental design consisted of 3 consecutive neurofeedback training runs,
and 1 transfer run in which patients received the same 3 conditions albeit without
neurofeedback from the thermometer (to assess learning effects immediately after
training). An experimental run lasted about 9 minutes, consisting of 15 trials (5 of each
condition, counterbalanced). Personalized trauma and neutral words were matched on
subjective units of distress to control for between subject variability. Stimuli were
presented with Presentation software (Neurobehavioral Systems, Berkeley, CA).
One bar on the thermometer display corresponded to 0.2 percent signal change in the
amygdala. Here, the orange line (baseline), divided the thermometer into an upper
activation range (maximum 2.8 percent signal changes) and a lower activation range
(maximum 1.2 percent signal change) (Paret et al., 2014; 2015; Zotev et al., 2011). In
order to circumvent regulation by avoiding the trauma word and directing attention to the
thermometers, participants were asked to visually focus on the word during its entire
presentation, and to view the two thermometers in their peripheral vision. Participants
were also informed of the temporal delay that would occur during neurofeedback,
corresponding to the BOLD signal delay. Finally, when a neurofeedback run was
completed, patients were asked to rate their perceived ability to regulate their emotion
center.

5.3.3

Delineation and BOLD Processing of the Amygdala for Realtime Neurofeedback

In order to present amygdala neural activity to patients in real-time through the
thermometer display, anatomical scans were first imported into BrainVoyager (version
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QX2.4, Brain Innovations, Maastrict, Netherlands), then skull-stripped and transformed
into Talairach space. Subsequently, normalization parameters were loaded into
TurboBrainVoyager (TBV) (version 3.0, Brain Innovations, Maastricht, Netherlands).
Motion correction features and spatial smoothing using a 4-mm full-width-half-maximum
(FWHM) Gaussian kernel were implemented in TBV, and the initial 2 volumes of the
functional scans were discarded before real-time processing. An anatomical mask of the
bilateral amygdala was then loaded, and the ‘best voxel selection’ tool was used in TBV
to calculate the BOLD signal amplitude of the ROI. This method identified the 33% of
voxels with the highest beta-values for the view>neutral contrast. As previously outlined
by Paret et al., (2014; 2015), the voxels were dynamically determined based on a) the
voxel with the largest beta value, and b) on the magnitude of deviation from the mean of
all condition betas (Goebel, 2014). This feature ensured that there was no difference in
the number of voxels used for signal extraction between subjects and was used to
counterbalance moderate shifts in the anatomical delineation due to alignment errors
across runs/movement-related slice shifts. The first two trials of each neurofeedback run
consisted of view and neutral conditions in order to permit an initial selection of voxels
based on the view>neutral contrast, which was updated as voxels were dynamically
refined along the course of training.
Amygdala BOLD signal amplitude was passed to Presentation when a new volume had
been processed. Latency of the feedback was equal to the TR (2 s) plus the time needed
for real-time calculation/visual display by the presentation software (about half a second).
For each trial, the mean of the last 4 data points before stimuli onset were taken as a
baseline. The signal was smoothed by calculating the mean of the current and the
preceding 3 data points (Paret et al., 2014; 2015).

5.3.4

fMRI Image Acquisition

We utilized a 3 Tesla MRI Scanner (Trio, Siemens Medical Solutions, Erlangen,
Germany) with a 32 channel head coil for brain imaging. Functional whole brain images
of the BOLD contrast were acquired with a gradient echo T2* weighted echo-planarimaging sequence (TE=30 ms, TR=2 s, FOV=192x192 mm, flip angle=80°, inplane
resolution=3x3 mm). One volume comprised 36 ascending interleaved slices tilted -20°
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from AC-PC orientation with a thickness of 3 mm and slice gap of 1 mm. Participants’
heads were stabilized. The experimental runs comprised 284 volumes each, where T1weighted anatomical images were acquired with a Magnetization Prepared Rapid
Acquisition Gradient Echo sequence (TE=3.03 ms, TR=2.3 s, 192 slices and
FOV=256x256 mm).

5.3.5

fMRI Preprocessing

Preprocessing of the functional images was conducted with SPM12 (Wellcome
Department of Cognitive Neurology, London, UK). After discarding the 4 initial
volumes, the standard preprocessing routine included slice time correction to the middle
slice, followed by spatial alignment to the mean image using a rigid body transformation,
reslicing, and coregistration of the functional mean image to the anatomical. We then
performed segmentation of all tissue types, and normalization to the Montreal
Neurological Institute (MNI) standard template. Images were then smoothed using a
6mm kernel FWHM. Additional correction for motion was implemented using the ART
software package (www.nitrc.org/projects/artifact_detect), which computes regressors
that account for outlier volumes, in addition to the six movement regressors computed
during standard realignment in general linear modeling.

5.3.6
5.3.6.1

Statistical Analyses
First Level Analysis

The three neurofeedback runs and the transfer run were defined as separate sessions, and
all events were modeled as blocks of brain activation and convolved with the
hemodynamic response function. Here, ART software computations were included as
nuisance variables to account for movement artifacts. Scans in the experiment
corresponding to the instruction phase and initial baseline were also modelled. All
experimental conditions were modelled separately; we also generated the t-contrast
regulate>view on the first level.

131

5.3.6.2

Online Region of Interest Amygdala Downregulation
Analysis

In order to determine if participants were successfully able to downregulate amygdala
activation using real-time fMRI neurofeedback, we investigated parameter estimates of
the left and right amygdala during the regulate and view condition. Parameter estimates
were extracted and graphed using rfx-plot software (Glascher, 2009) via anatomical
definition from the PickAtlas toolbox (Maldjian et al., 2003). Extracted values were
passed to SPSS version 20 for statistical analyses, where we computed a 3
(neurofeedback run) × 2 (condition) × 12 (2 second time bins across the 24 second
condition) randomized block analysis of variance (ANOVA) for each amygdala
hemisphere. We included time as a factor in the ANOVA, as we a-priori hypothesized
that participants would be able to better regulate during the middle-end of the regulate
condition as opposed to the beginning where patients are only beginning to learn how to
regulate their amygdala activity.
We specified a-priori directional hypotheses, such that we expected amygdala activation
to be lower across training runs and the transfer run during the regulate as compared to
view condition. Therefore, we computed paired-sample t-tests for amygdala parameter
estimates during the regulate as compared to the view condition, during the training and
transfer runs separately for each amygdala hemisphere. We conducted the same paired
sample t-tests on the middle-end (i.e., 8-24 seconds) of the condition, as again, we
predicted that patients would be more successful in amygdala downregulation towards
the end of the condition. In order to be statistically conservative, we implemented a
Bonferroni correction for multiple comparisons for all paired-sample t-tests.

5.3.6.3

Offline Analysis of Brain Activation During Neurofeedback
and Transfer Run

In addition to investigating amygdala downregulation during neurofeedback, we had
previously defined 4 a-prior ROIs, including the dlPFC, vlPFC, rostral ACC/mPFC and
the insula, in which we wanted to observe activation across conditions. These regions
were chosen based on their involvement in emotion regulation and monitoring
physiological condition with respect to emotion (Birn et al., 2014; Bruce et al., 2013;
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Craig, 2009; Etkin et al., 2011; Etkin et al., 2015; Gasquoine, 2014; Kurth et al., 2010;
Paret et al., 2015; Patel et al., 2012; Pitman et al., 2012; Sadeh et al., 2014; Stevens et al.,
2013; Yehuda et al., 2015). Coordinates for the bilateral dlPFC, left vlPFC, and rostral
ACC/mPFC were taken from a meta-analysis focusing on neurocircuitry models of PTSD
(Patel et al., 2012) MNI x, y, z: right dlPFC (40 54 6), left dlFPC (-26 20 42), left vlPFC
(-24 54 -4), rostral ACC (2 26 22). Coordinates for the right vlPFC were taken from Paret
et al. (2015), where this region was shown to be recruited during the downregulation of
the amygdala in a healthy female sample: right vlPFC (54 41 1). We used PickAtlas to
define 15mm radius spheres around the dlPFC, vlPFC and rostral ACC/mPFC
coordinates, where 6mm spheres were defined separately for insula subregions (Ichesco
et al., 2014) extracted using standard coordinates from previous anatomical and MR
imaging studies (Taylor et al., 2009; Ichesco et al., 2014): bilateral anterior insula (left = 32, 16, 6; right = 32, 16, 6), bilateral mid insula (left = -38, 2, 8; right = 38, 2, 8), and
bilateral posterior insula (left = -39, -15, 1; right = 39, -15, 8). Insula subregions were
examined separately as they have been shown to display unique connectivity in PTSD
patients (see Chapter 3; Nicholson et al., 2016a) and orchestrate differential functions
with regard to interoception (Craig, 2009), where a smaller radius was used to investigate
subregions separately. All coordinates reported were in MNI space. We generated two
simple masks for ROI data analyses, the first contained only the dlPFC and vlPFC
spheres, as we hypothesized these to be the most influential regions during amygdala
down regulation. The second mask contained all ROIs (dlPFC, vlPFC, rostral ACC and
insula subregions), which was only used for correlations with symptoms.
In order to verify that these 4 a-priori regions were in fact important in learning to
downregulate amygdala activation, we checked to see if they were also identified in a
conservative FDR-corrected 3 (condition) × 3 (neurofeedback training run) repeated
measures ANOVA, investigating whole brain activation (FDR cluster-corrected p <. 05 k
= 10). Hence, our results are both hypothesis and data driven (corrected for multiple
comparisons).
Next, to specifically test our hypothesis regarding regions recruited during amygdala
downregulation, we analyzed two different one-way ANOVAs 1) including only the
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training runs, 2) including the training runs and transfer run, for the contrast regulate >
view. For this ROI analysis, we applied the PFC mask only.

5.3.6.4

RSDI and Trait Symptom Correlation Analyses

In order to characterize neural mechanisms relating emotion regulation to PTSD
symptom presentation, we conducted a regression analysis for both the amygdala online
analysis and ROI offline analysis. Here, we correlated state changes in PTSD symptoms
collected for each run to neural activation during the regulate as compared to the view
condition, via a multiple regression analyses. We correlated RSDI subscales to amygdala
and a-priori ROI activation during the training runs and the transfer run. These analyses
utilized the aforemented error protection rate for multiple comparisons, and we only
applied the ROI mask containing all ROIs (dlPFC, vlPFC, rostral ACC, and insula
subregions). We also computed a repeated measures ANOVA to investigate how RSDI
state scores fluctuate across training and transfer runs. In addition, we correlated trait
PTSD symptom severity (CAPS total scores) to individual patient’s ability to
downregulate the amygdala during the neurofeedback training runs and the transfer run,
using a Pearson’s bivariate correlation.

5.3.6.5

Offline Generalized Psychophysiological Interaction (gPPI)
Analysis

First Level gPPI Analysis. Here, our objective was to observe changes in taskdependent amygdala connectivity during neurofeedback training. The general
psychophysiological interaction (gPPI) method allows one to study task-dependent
functional connectivity in more than two task conditions (McLaren et al., 2012).
Resulting parameter estimates can then be interpreted as the condition-specific functional
connectivity of the seed region to a target region. Hence, gPPI allows us to understand
how brain regions interact in a task-dependent manner. We followed standard a gPPI
analysis protocol (McLaren et al., 2012), which has been previously published with
regard to amygdala connectivity by Paret et al., (2015) and Kerr et al. (2012) Task
regressors – regulate, view, and neutral– were convolved with the standard hemodynamic
response function. Amygdala seeds were defined using the anatomical atlas from
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PickAtlas, where the signal time course was extracted for the left and right amygdala
separately, for each of the 3 training runs. For amygdala ROIs, a model was computed
defining the psychological task regressor, the psychological regressor of amygdala signal
time course, and the interaction terms. The PPI regressor was deconvolved before
modeling, and movement was corrected for using ART software. The beta coefficients
for the interaction terms regulate, view, and neutral, were passed forward to analyze on
the group level. First level analyses were performed individually for each of the
neurofeedback training.
Second Level gPPI Analysis. We computed a 3 (run) × 3 (condition) repeated measures
ANOVA for both amygdala seed regions. We investigated gray matter clusters for the run
by condition interaction (FDR cluster-corrected p <. 05, k = 10). To test specific
hypotheses of areas showing increased amygdala connectivity during the regulate
condition, we then conducted follow-up analyses on FDR-corrected clusters identified in
the ANOVA, using paired sample t-tests for the contrasts regulate > view, and view >
regulate, separately for the left and right amygdala (FDR cluster-corrected p < .05, k =
10).

5.3.6.6

Offline Dynamic Causal Modelling (DCM) Analysis

To test directional information flow, complimenting the functional structure defined with
our gPPI analysis, we computed a dynamic causal modelling (DCM) analysis (Friston et
al., 2003). The DCM approach takes a biophysiologically plausible model and aims to
estimate, and make inferences about, the coupling among brain areas and how that
coupling is influenced by changes in experimental context (Friston et al., 2003). Via
Bayesian inferences, DCM infers the probability that a given model fits the signal time
course. Bayesian Model Selection (BMS) is used to define the best model based on its
model evidence, relative to all other models defined in the analysis (Stephan et al., 2009;
Stephan et al., 2010).
We used our gPPI analysis to inform the delineation of the nodes in our models.
Specifically, we investigated regions showing increased connectivity to the left and right
amygdala for the regulate > view condition, which were the dlPFC and the vlPFC. Here,
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the dlPFC and vlPFC have also previously been shown to be implicated in emotion
regulation (Etkin et al., 2011; Golkar et al., 2012; Paret et al., 2014; Paret et al., 2016b).
We tested a series of nine amygdala-PFC models published previously with regard to
amygdala neurofeedback regulation (Paret et al., 2016b), which define bidirectional
intrinsic connectivity between the amygdala and PFC. These models are also in keeping
with the anatomical structure for the whole model space (Ghashghaei et al., 2007) (see
Figure 6). The signal associated with the experimental conditions enters the network
either at the amygdala node, at the PFC node, or at both sites. The regulate condition was
assumed to modulate amygdala-PFC connectivity in either bottom-up, top-down or both
directions. From each subject, the first eigenvariate of the signal time course was
extracted from the bilateral anatomical amygdala, and the three PFC ROIs separately
(radius = 6 mm). We optimized voxel selection by selecting peak activation voxels within
the amygdala from the view condition, and selecting peak activation voxels within PFC
ROIs from the regulate condition, based on the single-subject t-contrasts. Here, sphere
centers were defined as the peak coordinates within the bilateral amygdala and the PFC
regions. Interestingly, almost all of the participants displayed peak coordinates within the
bilateral dorsal amygdala. In order to prevent inter-subject variations of amygdala
subregions (Nicholson et al., 2015; Paret et al., 2016b; Roy et al., 2009), only dorsal
amygdala coordinates were selected. After defining our bi-direction liner models on the
subject level, models were then inverted, and exceedance probability assessed on the
group level via random effects comparisons. We also computed a random effects family
inference analysis, in order to first identify which family of models best fits the data.
Here, we grouped models based on their driving inputs. Hence, we had three families of
models: 1) models with both amygdala and PFC driving inputs (models 1-3), 2) models
with amygdala driving inputs only (models 4-6), and 3) models with PFC driving inputs
only (models 7-9) (Figure 6).
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5.4
5.4.1

Results
Response to Script Driven Imagery Analysis

RSDI total scores were found to not differ significantly across training runs and the
transfer run, when computing a repeated measures ANOVA for the main effect of run
(F(3, 27) = .495, ns) in which sphericity was not violated.

5.4.2

Online Amygdala Neurofeedback

Regarding the right amygdala, the 3 (run) × 2 (condition) × 12 (2 second time bins across
the 24 second condition) randomized ANOVA yielded a significant main effect of
condition (F(1, 9) = 19.80, p < .001) and time (F(12, 108) = 2.34, p < .05), and also a
significant condition × time interaction (F(12, 108) = 2.68, p < .005), where spherecity
was not violated.
For the left amygdala, the 3 (run) × 2 (condition) × 12 (time bin) randomized ANOVA
yielded a significant main effect of condition (F(1, 9) = 31.68, p < .001) and time (F(12,
108) = 3.58, p < .001), and also a significant condition × time interaction (F(12, 108) =
2.16, p < .05), where sphericity was also not violated. We did not find a significant main
effect of run, nor any significant interactions with this variable, for both the right and left
amygdala.
This justified the examination of our a-priori directional hypotheses. Here, we expected
amygdala activation to be lower across training runs and the transfer run, during the
regulate as compared to view condition. Furthermore, we predicted that participants
would be better able to regulate towards the middle-end of the condition.
For the right amygdala, we observed significantly lower activation during the regulate as
compared to the view condition across time bins for the 3 neurofeedback training runs
(t(11) = -3.86, p = .001), and the transfer run (t(11) = -3.64, p =.001) (see Figure 2a/2c).
The significance of these results were highlighted when considering only the last two
thirds (8-24 seconds) of the time bins within the conditions for the 3 neurofeedback
training runs (t(7) = -10.67, p <.001), and the transfer run (t(7) = -6.55, p <.001) (see
Figure 2a/2c).

137

Similarly, for the left amygdala, we also observed significantly lower activation during
the regulate as compared to view condition across time bins for the 3 neurofeedback
training runs (t(11) = -3.08, p = .004), and the transfer run (t(11) = -2.18, p < .025), (see
Figure 2b/2c). The significance of these results were also highlighted when considering
only the last two thirds of the time bins within the conditions, for the 3 neurofeedback
training runs (t(7) = -6.58, p <.001), and the transfer run (t(7) = -2.72, p <.01) (see Figure
2b/2c).
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Figure 5-2: Online amygdala activation during regulate as compared to view
Figure 2 (a) Right amygdala parameter estimates corresponding to amygdala activation during
neurofeedback runs for the view (solid green line) and regulate (solid red line) conditions. (b) Left
amygdala parameter estimates corresponding to amygdala activation during neurofeedback runs for the
view (solid green line) and regulate (solid red line) conditions. (c) Bilateral amygdala parameter estimates
corresponding to activation during the transfer run without neurofeedback for the view (solid green line)
and regulate (solid red line) conditions. Shaded red and green regions adjacent to the solid lines indicate
standard error of the mean. Statistical thresholds corresponds to a-priori paired sample t-tests, comparing
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amygdala activation during view versus regulate across the whole condition, and for the last two thirds of
the condition. Each of these respective t-tests are indicated by the black bars on the bottom of each graph.
Asterisks indicate Bonferroni corrected statistical thresholds for paired sample t-tests. Abbreviations: NFB,
neurofeedback.

5.4.3

Offline Whole Brain Activation

When investigating the whole brain FDR cluster-corrected repeated measures ANOVA,
we found that all a-priori ROIs were significant for the main effect of run (dlPFC, vlPFC,
rostral ACC and insula subregion; see Appendix I Supplementary Results Table s1). The
presence of our ROIs in a conservative FDR-corrected ANOVA supported their use in
subsequent one-way ANOVAs investigating the a-priori regulate > view contrasts. Thus,
our analysis may be viewed as both hypothesis and data driven (FDR cluster-corrected).
When investigating the one-way ANOVAs for the regulate > view contrasts, we found
significant bilateral dlPFC (BA 9 & 10) and right vlPFC (BA 11) activation for the main
effect of run across the neurofeedback training runs (see Table 2; Figure 3a). A similar
pattern was found for the main effect of run when including the transfer run with the
neurofeedback training runs, where we report significant activation in the right vlPFC
(BA 45) and the right dlPFC (BA 46) (see Table 2; Figure 3b). We then conducted
follow-up t-tests under the same error protection rate in order to observe effects of
learning across the training trials and transfer run. We found significantly higher
activation in the bilateral dlPFC (BA 10 & 9) and the right vlPFC (BA 47) in training run
3 as compared to training run 1, for the contrast regulate > view (see Table 3; Figure 3c).
We did not find significantly increased activation in the transfer run as compared to run 1
for the contrast regulate > view.

140

Table 5-2: One-way ANOVA for regulate>view prefrontal cortex analysis
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Figure 5-3: Greater activation during regulate as compared to view
Figure 3 (a) One-way ANOVA examining the main effect of run across neurofeedback training runs for
regulate as compared view conditions (FDR-cluster-corrected p < 0.05, k = 10). (b) One-way ANOVA
examining the main effect of run across neurofeedback training runs and the transfer run for regulate as
compared with view conditions (FDR-cluster-corrected p < 0.05, k = 10). (c) Follow-up t-tests examining
greater activation for regulate as compared with view conditions, for neurofeedback training run 3 as
compared with run 1 (FDR-cluster-corrected p < 0.05, k = 10). Coordinates indicate x, y, z, in MNI space
displayed in MRIcron software. Abbreviations: NFB, neurofeedback; dlPFC, dorsolateral prefrontal cortex;
vlPFC, ventrolateral prefrontal cortex.
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Table 5-3: Follow-up t-test for regulate>view prefrontal cortex analysis

5.4.4

RSDI and Trait Symptom Correlation Analyses

We found a significant negative correlation with state dissociation during the transfer run,
to the rostral ACC, and left dlPFC BA 9, in addition to the bilateral anterior, mid and
posterior insula (see Table 4; Figure 4), for the regulate as compared to view condition.
We did not find significant correlations (positive or negative) with activation during the
neurofeedback training runs to state dissociation. Furthermore, we did not demonstrate
significant correlations during the neurofeedback training runs and transfer run for
reliving, hyperarousal and avoidance. Additionally, we found that trait PTSD severity
(CAPS total) was positively correlated to right amygdala downregulation, during
neurofeedback training runs 1 (r = .87, p < .001) and 3 (r = .70, p < .05). We found nonsignificant correlations between CAPS total and left amygdala down regulation, as well
as for right amygdala downregulation and training run 2 and the transfer run.
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Table 5-4: PTSD symptom correlations to offline brain activation

Figure 5-4: Negative correlation to dissociation during transfer run
Figure 4: Brain regions whose activation were negatively correlated to PTSD symptoms of dissociation
during the transfer run, for the regulate as compared to view condition (FDR-cluster-corrected p < .05, k =
10). Coordinates indicate x, y, z, in MNI space displayed in MRIcron software. Abbreviations, dlPFC =
Dorsolateral Prefrontal Cortex, dmPFC = Dorsomedial Prefrontal Cortex, vlPFC = Ventrolateral Prefrontal
Cortex, ACC = Anterior Cingulate Cortex.

5.4.5

gPPI Results

For the 3 (condition) × 3 (run) repeated measures ANOVA, we report a significant
condition by run interaction for the right dlPFC (BA 46) and dorsomedial (dm)PFC (BA
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9,8), right precuneus, bilateral cerebellar tonsil (lobule 8, 6), and right cuneus (see Table
5). This supported our a-priori t-tests examining greater connectivity during the regulate
as compared to the view condition across neurofeedback training runs.

Table 5-5: The 3 (condition) ´ 3 (run) gPPI amygdala connectivity repeated
measures ANOVA

On balance, we report increased left amygdala connectivity during the regulate condition
as compared to the view condition, to the left dmPFC/dorsal ACC (BA 9) and the right
dlPFC (BA 46) across neurofeedback training runs (see Table 6; Figure 5a). Similarly,
we found increased right amygdala connectivity during the regulate condition as
compared to the view condition, to the right dmPFC (BA 8), across neurofeedback
training runs (see Table 6; Figure 5b).
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Table 5-6: Follow-up paired t-test for regulate>view gPPI amygdala connectivity

Figure 5-5: Greater connectivity during regulate as compared to view
Figure 5a) Increased task based functional connectivity during the neurofeedback regulate condition for the
left amygdala. Figure 5b) Increased task based functional connectivity during the neurofeedback regulate
condition for the right amygdala. (FDR-cluster-corrected p < .05, k = 10). Coordinates indicate x, y, z, in
MNI space displayed in MRIcron software. Abbreviations dlPFC = Dorsolateral Prefrontal Cortex, dmPFC
= Dorsomedial Prefrontal Cortex, ACC = Anterior Cingulate Cortex.

5.4.6

DCM Results for Effective Connectivity

We tested nine previously published models for the left and right amygdala to the three
PFC clusters identified in the gPPI analysis, which is also supposed by anatomical studies
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of amygdala connectivity (Gasquoine, 2014). For the left amygdala-right dlPFC models,
there was a clear winner in terms of the family of models that best fit the data, where
models with only PFC driving inputs (models 7-9) yielded an exceedance probability (xp)
= .98 (see Figure 6a). Furthermore, for the left amygdala-right dlPFC, we found a clear
distinction for model 9, where our random effects analysis was in favour of the model
characterized by network input to the dlPFC, with modulation of connectivity from the
amygdala to the dlPFC (bottom-up) and from the dlPFC to the amygdala (top-down) by
the regulate condition (xp = .83) (see Figure 6a).
For the left amygdala-left dmPFC models, there was also a clear winner in terms of the
family of models that best fit the data. Again, models with only PFC driving inputs
(models 7-9) yielded an exceedance probability of xp = .92 (see Figure 6b). For the left
amygdala-left dmPFC, we report a less clear distinction for model 9 characterized by
network input to the dmPFC and both bottom-up and top-down modulation by the
regulate condition (xp = .40) (see Figure 6b). However, it is important to note that models
within the same family, models 7 and 8, also fit the data in a similar way, with xp = .30
and xp = .25, respectively. This result matches our finding that the family of models
which best fits the data are those with PFC driving inputs only with an xp = .92.
Finally, for the right amygdala- right dmPFC models, there was a clear winner for the
family inference analysis, where models with only PFC driving inputs had the highest
exceedance probability (xp = .98) (see Figure 6c). When examining models separately,
model 9 was again the strongest, characterized by network input to the dmPFC and both
bottom-up and top-down modulation by the regulate condition (xp = .62) (see Figure 6c).
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Figure 5-6: DCM Models and Analysis
Figure 6. Upper portion of figure indicates the nine models tested in the dynamic causal modelling
analysis. Model number 9 was the best fitting model with respect to Bayesian model selection for all
analyses examined. The nine models were derived from different combinations of signal input (either in the
amygdala [amy], in the prefrontal cortex [PFC], or in both) and causal information flow (either from the
amygdala to the PFC, from the PFC to the amygdala, or both). Models 1-9 are displayed with arrows
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indicating intrinsic information flow between the amygdala and PFC, and modulating input from the
conditions (‘regulate’, ‘view’) on the network nodes and connections. Referencing the bottom half of the
figure, graphs on the top indicate the family level inference. Models were grouped in families based on
their driving inputs 1) models with both amygdala and PFC driving inputs (models 1-3), 2) models with
amygdala driving inputs only (models 4-6), and 3) models with PFC driving inputs only (models 7-9). The
graphs on the lower half indicate the random effects analysis examining individual models not grouped into
families. The exceedance probability (xp) of each model/family of models is displayed in vertical bars.
Displayed are the exceedance probabilities for the family level inference (top) and individual model
random effects analysis (bottom) for a) the left amygdala- right dlPFC connection, b) the left amygdala- left
dmPFC connection, and c) the right amygdala- right dmPFC connection.

5.5

Discussion

Emotion dysregulation is central to the clinical presentation of PTSD and is thought to
arise, in part, due to attenuated amygdala top-down inhibition from the PFC (Aupperle et
al., 2012; Lanius et al., 2010; Pitman et al., 2012; Ronzoni et al., 2016; Shin & Liberzon,
2010). This aberrant amygdala activity/connectivity is illustrated in a number of studies
where the majority of patients with PTSD are characterized by hyperactivation of the
amygdala (Aghajani et al., 2016; Birn et al., 2014; Etkin & Wager, 2007; Lanius et al.,
2015; Lanius et al., 2010; Mickleborough et al., 2011; Patel et al., 2012; Pitman et al.,
2012; Shin & Liberzon, 2010; Stevens et al., 2013; Weston, 2014; Yehuda et al., 2015;
but also see the dissociative subtype of PTSD Lanius et al., 2010; 2012; Nicholson et al,
2015). Accordingly, we sought to investigate the ability of patients to self-regulate their
emotional states using utilizing rt-fMRI-nf targeting amygdala downregulation. An
additional objective was to better understand PTSD neural connectivity as a function of
real-time emotion regulation.
Here, we found that patients were able to successfully downregulate amygdala activity
during trauma provocation, an effect that was sustained during the transfer run without
neurofeedback. As predicted, the ability to downregulate the amygdala during
neurofeedback and the transfer run was associated with increased activation in the dlPFC
and vlPFC, regions associated with emotion regulation. In addition, the amygdala
displayed increased task-based functional connectivity to the dlPFC and dmPFC during
neurofeedback training, for the regulate as compared to view condition. In keeping with
these findings, our DCM analysis suggested that amygdala-PFC connectivity is
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modulated by downregulation of the amygdala in both top-down and bottom-up
directions, with driving inputs feeding directly into the PFC. Further on balance with our
predictions, we found that PFC, rostral ACC, and insula activation was correlated
negatively to PTSD and dissociative symptoms during the transfer run. Here, PTSD
symptom severity positively correlated to the degree of amygdala downregulation during
training runs 1 and 3, suggesting that patients with more severe PTSD symptoms actually
decrease amygdala activity more during neurofeedback. Interestingly, these rt-fMRI
results parallel those found with a different modality of neurofeedback (EEG), where one
30-minute session of alpha desynchronizing EEG-nf was shown to shift amygdala
complex connectivity away from fear/defense processing and memory regions towards
prefrontal emotion regulation areas after intervention (see Chapter 4; Nicholson et al.,
2016b).

5.5.1

Amygdala Downregulation Success

We observed significantly decreased amygdala activation for the neurofeedback training
runs and the transfer run, during the regulate as compared to view condition. Although
several studies have examined the capacity to regulate emotions by targeting
neurofeedback of the amygdala using rt-fMRI-nf, in healthy individuals (Brühl et al.,
2014; Keynan et al., 2016; Paret et al., 2014, 2015; Zotev et al., 2011), and in
neuropsychiatric populations (Paret et al., 2016a; Young et al., 2014; Zotev et al., 2014),
this is the first study to demonstrate amygdala downregulation during trauma provocation
among patients with PTSD. The significance of these results, surrounding both the
neurofeedback training runs and the transfer run, was highlighted when comparing
amygdala activation for the middle-end of each condition (8-24 sec. of the 24 sec.
condition). Here, we speculate that patients require some time to successfully
downregulate the amygdala after initially being presented with their trauma word,
reflected in our findings of a small increase in amygdala activation at the beginning of the
regulate condition. With regard to state PTSD symptoms, we did not find statistical
differences in terms of RSDI scores across neurofeedback training runs and the transfer
run. Additional studies are therefore required to assess PTSD symptoms as a function of
repeated rt-FMRI-nf targeting amygdala downregulation.
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5.5.2

Enhanced Activation in Emotion Regulation Regions during
Amygdala Downregulation with Negative Correlations to
PTSD Symptoms

When examining offline brain activation that occurred during the regulate compared to
the view condition, we observed increased activation in emotion regulation PFC areas
during the neurofeedback training runs and the transfer run. Specifically, we found a
main effect of run across the training runs for the regulate > view contrast in the bilateral
dlPFC and right vlPFC. We also found a main effect of run for the regulate > view
contrast across training runs and the transfer run in the right dlPFC and right vlPFC.
Follow-up analyses revealed that there was stronger activation in the bilateral dlPFC and
right vlPFC during run 3 as compared to run 1 for the regulate > view contrast. This
suggests significant recruitment of emotion regulation regions as a function of learning to
downregulate the amygdala during trauma triggers via neurofeedback. However, we did
not observe significantly more PFC activation during the transfer run as compared to run
1 during the regulate as compared to view condition. Speculatively, the PFC may become
more efficient with regard to regulating the amygdala by the transfer run, thereby
yielding less detectable activation. This hypothesis is indirectly supported by the finding
of decreased dissociation being correlated with PFC activation only during the transfer
run and not the training runs. Alternatively, although patients were able to successfully
downregulate their amygdala during the transfer run in which they did not receive
neurofeedback, enhanced PFC activation during the transfer as compared to run 1 may
require multiple neurofeedback training sessions
Our results parallel other pioneering proof-of-concept studies in the field, where selfregulation of the amygdala as compared to sham regions via rt-fMRI-nf was shown to
concomitantly recruit activation in PFC regions associated with emotion regulation, as
well as enhancing amygdala-PFC connectivity (Koush et al., 2013; Paret et al., 2014;
2015, 2016b; Zotev et al., 2011). Inversely, using rt-fMRI-nf to target the regulation of
the lateral PFC during cognitive reappraisal revealed a concomitant decrease in amygdala
BOLD response (Sarkheil et al., 2015). In a pattern of findings paralleling those observed
for online emotion regulation, active pain coping through rt-fMRI-nf was associated with
increased activity in the PFC and ACC (Emmert et al., 2016). Similarly, Lévesque et al.
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(2003) reported increased activation within the right dlPFC when healthy participants
were asked to suppress negative emotions associated with increased amygdala activity.
Finally, a recent review on the neural basis of emotion regulation (Etkin et al., 2015)
highlights the dlPFC and vlPFC as key areas of explicit emotional regulation on
emotional reactive regions, including the amygdala and periaqueductal gray. Thus, our
study shows that amygdala downregulation using rt-fMRI-nf may be an effective means
of enhancing PFC activity to regulate emotions, where increased PFC activation has also
been reported when examining neural activity post treatment among PTSD patients
(Peres et al., 2007; Ravindran & Stein, 2009; Seedat et al., 2004; Shin & Liberzon, 2010).
Our findings are further consistent with emotion modulation models of PTSD, which
characterize PTSD symptom manifestation as a result of failed top-down inhibition of the
PFC and rostral ACC on the amygdala in the majority of PTSD patients (Aupperle et al.,
2012; Lanius et al., 2010; Patel et al., 2012; Pitman et al., 2012; Ronzoni et al., 2016;
Shin & Liberzon, 2010). In keeping with this hypothesis, PTSD symptoms of
hyperarousal have been correlated with negative medial PFC-amygdala coupling (Sadeh
et al., 2014), and hyper/hypo-activation of the amygdala and medial PFC, respectively,
during PTSD emotional processing (Bruce et al., 2013). Accordingly, downregulating the
amygdala by recruiting emotion regulatory resources from the PFC may represent a
potential treatment for patients with PTSD (Koch et al., 2016). Critically, increased
activation in the dlPFC, rostral ACC, and insula during the transfer run was negatively
correlated to dissociative symptoms (emotional numbing, depersonalized, derealization
and disconnection). Here, the rostral ACC has been shown to resolve emotional conflict
through top-down inhibition of the amygdala (Etkin et al., 2006). Notably, the anterior,
mid and posterior insula exhibit unique functions related to interoception, integrating
bodily awareness with emotions and somatotopic representations, respectively (Critchley
et al., 2004; Menon & Uddin, 2010; Pitman et al., 2012), have been shown to display
altered activity and connectivity among PTSD patients (Lanius et al., 2010; Nicholson et
al., 2016a). Furthermore, dissociation among patients with PTSD has been associated
with poor interoception (Lanius et al., 2015). Taken together, our results suggest that
increased activation in emotion regulation regions and interoception/bodily awareness
regions during the transfer run regulation are negatively correlated to dissociative
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symptoms. This pattern is similar to that observed in patients with BPD, where increased
amygdala-PFC connectivity as a result of amygdala downregulation was negatively
correlated, though not significantly, to symptoms of dissociation (Paret et al., 2016a).

5.5.3

Amygdala-PFC Functional Connectivity during
Neurofeedback

We conducted a gPPI analysis to examine task-based functional connectivity as a result
of neurofeedback training. In keeping with our hypotheses, we found increased
connectivity between the left amygdala and the left dmPFC/dorsal ACC and right dlPFC,
and increased connectivity between the right amygdala and the right dmPFC, during the
regulate as compared to view condition. This finding indicates that when patients with
PTSD are attempting to downregulate the amygdala, a concomitant increase in
connectivity between the emotionally reactive amygdala and emotion regulatory dlPFC
and dmPFC regions is observed (Admon et al., 2013; Etkin et al., 2011; Etkin et al.,
2015). Our findings compliment previous work illustrating increased PFC connectivity
during emotion regulation via rt-fMRI-nf (Koush et al., 2015; Zotev et al., 2011).
Notably, Scheinost et al. (2013) report increased resting-state connectivity of the dlPFC
and decreased limbic network connectivity as a result of rt-fMRI-nf, which was
associated with a change in contamination anxiety unique to the experimental group.
Also utilizing gPPI, Kerr et al., (2012) report increased functional connectivity between
the vmPFC and amygdala when patients had control over emotional stimuli, where the
authors suggest vmPFC inhibition of amygdala processing involving emotional
arousal/anticipation. In a related study, Banks et al. (2007) found increased dlPFC
connectivity to the amygdala when healthy participants were asked to regulate negative
affect, suggesting top down PFC inhibition of the amygdala. Interestingly, patients with
PTSD exhibit less dlPFC recruitment during cognitive reappraisal of emotions as
compared to controls (Rabinak et al., 2014). In healthy individuals, successful regulation
of the top-down connectivity between the dmPFC and amygdala, even without
neurofeedback, was associated with increases in subjective valence ratings of emotional
stimuli (Koush et al., 2015). Similarly, our collaborators have shown that amygdala
downregulation enhances PFC connectivity in healthy individuals (Paret et al., 2016b) –
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which was found to be unique to the experimental group and did not occur for the shamneurofeedback group – as well as in BPD patients (Paret et al., 2016a).

5.5.4

DCM Analysis of Amygdala-PFC Effective Connectivity
during Neurofeedback

To compliment the observed task-based functional connectivity in our gPPI analysis, we
computed a DCM analysis to inform directional information flow between the amygdala
and PFC during neurofeedback. We tested nine models for the left and right amygdala to
the three PFC clusters identified in the gPPI analysis, which was also supported by
anatomical studies of amygdala connectivity (Ghashghaei et al., 2007). For both the left
and right amygdala, family level inferences favoured models with PFC driving inputs
only (models 7-9). This is in accordance with previous DCM analyses investigating the
same nine models during amygdala downregulation in healthy individuals (Paret et al.,
2016b). Additionally, for the left amygdala-right dlPFC, we found a clear distinction for
model 9, which was characterized by network input to the dlPFC, with modulation of
connectivity from the amygdala to the dlPFC (bottom-up) and from the dlPFC to the
amygdala (top-down) via the regulate condition (xp = .83) (see Figure 6a). We report a
less clear distinction for model 9 with regard to the left amygdala- left dmPFC (xp = .40)
and the right amygdala- right dmPFC (xp = .62) (see Figure 6b). Similarly, Paret et al.
(2016) report a DCM analysis for directional connectivity during amygdala
downregulation in healthy individuals, which favoured model 7 characterized by
predominant information flow from the amygdala to the vmPFC, with the PFC being the
entry node to the network.
Critically, previous studies have defined the dlPFC as a central region in emotion
regulation (Banks et al., 2007; Etkin et al., 2015; Golkar et al., 2012; Lévesque et al.,
2003; Stein et al., 2007). Our results support the hypothesis that emotion regulation is a
reciprocal loop of information processing, in which information flows in a bi-directional
manner between the amygdala and PFC during amygdala downregulation neurofeedback
(Gasquoine, 2014; Kim et al., 2011; Ray & Zald, 2012). Here, the amygdala is
characterized by PFC connections that are bi-directional, pertaining to unique functions
among amygdalar subregions (Duvarci & Pare, 2014). For example, the basolateral
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amygdala (BLA) has inputs and outputs to the PFC (LeDoux, 2007) and receives
feedforward inhibition from the PFC via somatostatin interneurons (Duvarci and Pare,
2014). Inversely, the centromedial amygdala (CMA) received inputs from the PFC and is
involved in the execution of fear responses, with GABAergic outputs to the brainstem
and periaqueductal gray involved in descending pain modulation (Duvarci and Pare,
2014; LeDoux, 1998; Milad, 2013). Critically, the BLA and CMA have been shown to
display aberrant connectivity patterns to emotion regulatory prefrontal regions in patients
with PTSD (see Chapters 2 and 3; Brown et al., 2014; Nicholson et al., 2015). It should
also be noted that the observed causal connections between the amygdala and PFC in the
current study may be indirect and mediated by other brain regions.

5.5.5

Limitations and Future Directions

Limitations of our study include a small sample size, where 80% of our sample was
receiving psychotropic medication. Additionally, warranting a larger sample, the
dissociative subtype of PTSD should be examined separately (see Chapters 2 and 3).
Furthermore, we cannot conclude that the observed results are a direct effect of
neurofeedback from the amygdala, as no sham neurofeedback regions were included.
Future studies will include a second neurofeedback region-of-interest (i.e., prefrontal
emotion regulation areas), in which we will examine neural changes as a result of
upregulating this region. As a control comparison, we will then correlate observed
neuronal effects as a result of regulating the amygdala as compared to regulating
prefrontal emotion regulatory regions in order to be able to conclude that the observed
effects are site specific (Rance et al., 2014). Nevertheless, the current findings represent
an important first step in the elucidating critical emotion dysregulation mechanisms
underlying PTD with regard to amygdala neurofeedback.

5.5.6

Conclusion

In summary, PTSD patients were able to downregulate their amygdala activation during
trauma provocation, which was sustained during the transfer run without neurofeedback.
Downregulation of amygdala activity during neurofeedback training was associated with
enhanced activation in PFC regions associated with emotion regulation as well as
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increased task-based connectivity to the PFC. Effective connectivity analyses suggested
that amygdala regulation involves both top-down and bottom-up information flow with
regard to observed PFC-amygdala connectivity. Moreover, dissociative symptoms were
correlated negatively to emotion regulation PFC/rostral ACC activity as well as with
activation in the insula during the transfer run. Taken together, these results support the
hypothesis that neural functioning among patient with PTSD is characterized by
attenuated prefrontal inhibition on the limbic system, resulting in emotional dysregulation
and suggesting that amygdala neurofeedback may not only be therapeutic for this patient
group but may also be used as an adjunctive future treatment.
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6

Dynamic Causal Modelling in PTSD and its Dissociative
Subtype: Bottom-Up versus Top-Down Processing
Within Fear and Emotion Regulation Circuitry 5

6.1 Abstract
Posttraumatic stress disorder (PTSD) is associated with decreased top-down emotion
modulation from medial prefrontal cortex (mPFC) regions, a pathophysiology
accompanied by hyperarousal and hyperactivation of the amygdala. By contrast, PTSD
patients with the dissociative subtype (PTSD+DS) often exhibit increased mPFC topdown modulation and decreased amygdala activation associated with emotional
detachment and hypoarousal. Crucially, PTSD and PTSD+DS display distinct functional
connectivity within the PFC, amygdala complexes, and the periaqueductal gray (PAG), a
region related to defensive response/emotional coping. However, differences in directed
connectivity between these regions have not been established in PTSD, PTSD+DS or
controls. To examine directed (effective) connectivity among these nodes, as well as
group differences, we conducted resting-state stochastic dynamic causal modelling
(sDCM) pairwise analyses of coupling between the ventromedial (vm)PFC, the bilateral
basolateral (BLA) and centromedial (CMA) amygdala complexes, and the PAG, in 155
participants [PTSD (n=62); PTSD+DS (n=41); age-matched healthy trauma-unexposed
controls (n=52)]. PTSD was characterized by a pattern of predominant bottom-up
connectivity from the amygdala to the vmPFC and from the PAG to the vmPFC and
amygdala. Conversely, PTSD+DS exhibited predominant top-down connectivity between
all node pairs (from the vmPFC to the amygdala and PAG, and from the amygdala to the
PAG). Additionally, the PTSD+DS group displayed the strongest intrinsic inhibitory
connections within the vmPFC. These results suggest the contrasting symptom profiles of
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PTSD and its dissociative subtype (hyper- vs. hypo-emotionality, respectively) may be
driven by complementary changes in directed connectivity corresponding to bottom-up
defensive fear processing vs. enhanced top-down regulation.

6.2

Introduction

Posttraumatic stress disorder (PTSD) is a debilitating psychiatric illness, characterized by
symptoms of vivid re-experiencing of traumatic events, avoidance, alterations in
cognitions and mood, as well as hyperarousal (APA, 2013). Dissociation involves
detachment from immediate somatic or environmental experience, and often occurs
during trauma, modulating its immediate psychophysiological impact (Spiegel, 2012).
Recently, a dissociative subtype of PTSD (PTSD+DS) has been recognized,
characterizing individuals experiencing significant emotional detachment and
hypoemotionality, including symptoms of depersonalization and derealization (albeit
PTSD+DS can oscillate between symptoms of hyper- and hypo-emotionality) (APA,
2013). Typically, individuals with PTSD+DS have a history of more severe early-life
trauma (Stein et al., 2013), higher PTSD severity scores (Wolf et al., 2012), and singlenucleotide polymorphisms associated with dissociation (Wolf et al., 2014).
Neurobiologically, among PTSD as compared to PTSD+DS, differential patterns of
neural activation have been documented within the amygdala and prefrontal cortex (PFC)
(Felmingham et al., 2008; Hopper, Frewen, Sack, Lanius, & van Der Kolk, 2007; Lanius
et al., 2010; Mickleborough et al., 2011). Specifically, PTSD is characterized by emotion
undermodulation, associated with decreased regulatory activation from the medial
(mPFC), hyperactivation of the amygdala, and hyper-arousal/emotionality (Hopper et al.,
2007; Hayes, Hayes & Mikedis, 2012; Lanius et al., 2010; Sadeh, Spielberg, Warren,
Miller & Heller, 2014; Stevens et al., 2013). By contrast, PTSD+DS is characterized
neurobiologically by emotion overmodulation and is associated with increased regulatory
activation of the mPFC, resulting in hypoactivation of the amygdala during symptom
provocation with concomitant emotional detachment and autonomic blunting (Hopper et
al., 2007; Lanius et al., 2010; Mickleborough et al., 2011), a pattern supported by transdiagnostic evidence from other dissociative disorders and healthy individuals [for review
see (Brand, Lanius, Vermetten, Loewenstein & Spiegel, 2012)].
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In the absence of external stimuli, differential patterns of resting-state functional
connectivity between the amygdala and PFC (see Chapter 2; Nicholson et al., 2015), as
well as of the periaqueductal gray (PAG) (Harricharan et al., 2016; Thome et al., 2016), a
midbrain region involved in defense (fight-or-flight) and emotional coping responses
(Bandler, Keay, Floyd, & Price, 2000; Linnman, Moulton, Barmettler, Becerra, &
Borsook, 2012), are also apparent in PTSD, PTSD+DS, and healthy controls.
Specifically, PTSD+DS is associated with increased amygdala subregion resting-state
functional connectivity with PFC emotion regulation regions, which may parallel
increased top-down inhibition in this group (Nicholson et al., 2015). Moreover, as
compared to controls, PTSD patients display widespread PAG connectivity with regions
involved in defensive responses and emotional reactivity, suggesting exacerbated
defensive reactions at rest likely reflective of instinctual hypervigilant tendencies in
preparation for threat (Harricharan et al., 2016; Thome et al., 2016). Critically, in healthy
individuals, as threat approaches and is perceived as more imminent, defense processing
shifts from higher-order vmPFC fear regulation sites towards more primitive automatic
emotion/defensive regions, such as the PAG and amygdala (Mobbs et al., 2009b; Mobbs
et al., 2010).
A deeper understanding of the directed connectivity among the vmPFC, amygdala, and
PAG is required given their aforementioned functioning in fear/defense circuits (Mobbs
et al., 2009a/b; Mobbs et al., 2010) in PTSD. Here, the basolateral (BLA) and
centromedial (CMA) amygdala complexes are thought to mediate cortical integration of
fear and the execution of behavioural fear responses, respectively (Duvarci & Pare, 2014;
LeDoux, 2007), and display differential patterns of connectivity in PTSD, PTSD+DS,
and controls (Brown et al., 2014; Nicholson et al., 2015). Related PAG signaling drives
learned and innate fear responses in the amygdala (Johansen, Tarpley, LeDoux, & Blair,
2010; Kim et al., 2013), where the PAG plastically modulates BLA synaptic plasticity
(Kim et al., 2013). Crucially, the vmPFC, amygdala complexes, and the PAG have rich
structural and functional connections with each other (Bandler et al., 2000; Etkin, Büchel,
& Gross, 2015; LeDoux, 2007; Linnman et al., 2012); however, the directionality of these
complex connections has yet to be elucidated in PTSD, PTSD+DS, and healthy controls.
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Stochastic dynamic causal modeling (sDCM) (Friston K.J., Harrison, & Penny, 2003; Li
et al., 2011) is a procedure for estimating directed or effective connectivity from restingstate fMRI data, which allows for the comparison of different functional architectures
(Penny, Stephan, Mechelli, & Friston, 2004). Importantly, DCM estimates directed
connections at the level of neuronal coupling – as opposed to (undirected) functional
connectivity based upon hemodynamic fluctuations. Furthermore, DCM estimates
regional variations in hemodynamic parameters, mitigating the uncertainty attending
measures of functional connectivity (Friston, 2009).
The purpose of the current study was to uncover foundational markers of effective
resting-state connectivity between the vmPFC, amygdala subregions, and the PAG,
among PTSD, PTSD+DS, and healthy controls using separate sDCM analyses for each
node pair. Our motivation for this approach was to focus on the hierarchical coupling
between pairs of nodes, while allowing for any top-down or bottom-up effective
connectivity to be mediated directly or indirectly via nodes not included in the DCM.
Hence, our aim was to inform future, more complex/elaborate models of fear and
emotion circuitry related to PTSD. Within the PTSD group, we predicted predominant
ascending or bottom-up connectivity from the PAG to the amygdala and vmPFC – and
from the amygdala to the vmPFC. Ascending connections are responsible for conveying
fear inputs and driving defensive responses and thus may mediate chronic hyperarousal in
this group. By contrast, we predicted predominantly descending or top-down connectivity
from the vmPFC to the amygdala and PAG – and from the amygdala to PAG – among
PTSD+DS, a pattern corresponding to increased top-down inhibition/modulation of
limbic and defense regions (Lanius et al., 2010).

6.3
6.3.1

Methods
Participants

Our sample consisted of 155 participants [PTSD (n=62); PTSD+DS (n=41); age-matched
healthy trauma-unexposed controls (n=52); Table 1]. Most PTSD patients (90%) had
early aversive experiences. Exclusion criteria for patients included: alcohol or substance
abuse/dependence not in sustained full remission, and diagnosis of bipolar disorder or
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schizophrenia. Exclusion criteria for the control group included lifetime Axis-I or Axis-II
disorders (see Appendix J, Supplemental Material). Approval for the current study was
obtained by Western University’s ethic board (see Appendix A).

Table 6-1: Demographic and Clinical Information
Measure
N
Gender
Age
CAPS Total*
CTQ-Total*
BDI*
MDI-Total*
MDI-Dep/Dereal*
MDD
Panic
Disorder/Agoraphobia
Social Phobia
OCD
GAD

PTSD
62
35 female
n
SD
37.8
11.6
67.92
13.40
56.87
24.68
23.1
7.6
54.10
15.29
7.63
2.73
n
%
11
17.7
10
16.1
2
3
1

3.2
4.8
1.6

PTSD+DS
41
33 female
n
SD
40.72
13.37
81.6
12.89
68
18.57
33.21
9.94
78.77
21.91
12.85
4.60
n
%
23
56.1
9
21.9
6
0
0

14.6
0
0

Healthy Controls
52
36 female
n
SD
34.96
11.52
0.93
3.41
32.28
8.99
1.62
2.48
34.36
3.86
5.11
0.91
n
%
-

-

Abbreviations: PTSD= posttraumatic stress disorder, PTSD+DS= dissociative subtype posttraumatic stress
disorder patients, CAPS = Clinician Administered PTSD Scale, CTQ = Childhood Trauma Questionnaire
(none or minimal childhood trauma = 25-36, moderate = 56-68, extreme trauma > 72), BDI = Beck’s
Depression Inventory, MDI = Multiscale Dissociation Inventory, Dep/Dereal = Depersonalization and
derealization average, MDD = major depressive disorder, OCD = obsessive compulsive disorder, GAD =
generalized anxiety disorder, SD = standard deviation, * indicates the clinical variables on which all groups
differed significantly from one another.

All participants were evaluated using the Clinician Administered PTSD Scale [(CAPS;
IV and 5)(Blake et al., 1995)] and the DSM-IV Structured Clinical Interview
[(SCID)(First, Spitzer, Gibbon, & Williams, 2002)]. Dissociative subtype patients were
identified by scoring ≥ 2 for both frequency and intensity on either depersonalization or
derealization CAPS symptoms as per standard methods (Harricharan et al., 2016;
Nicholson et al., 2015). A battery of questionnaires was also administered [Childhood
Trauma Questionnaire (CTQ), Beck's Depression Inventory (BDI), and Multiscale
Dissociation Inventory (MDI); see Table 1 and Appendix J Supplemental Material for
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group comparisons on clinical variables]. Participants took part in a 6-minute eyes-closed
resting-state scan following standard methods (Harricharan et al., 2016; Nicholson et al.,
2015).

6.3.2

Image Acquisition

We utilized a 3 Tesla MRI Scanner (Trio, Siemens Medical Solutions, Germany) with a
32-channel head coil for brain imaging. During the resting-state scan, 120-volumes were
collected (see Appendix J Supplemental Material for details).

6.3.3

fMRI Preprocessing

Standard preprocessing of the functional images was performed with SPM12 and
consisted of spatial re-alignment, reslicing, coregistration, segmentation and
normalization to MNI standard template (see Appendix J Supplemental Material). We
smoothed the data with a 4mm kernel FWHM [as per standard PAG neuroimaging
methods, see (Harricharan et al., 2016)], and bandpass filtered (0.012 - 0.1 Hz). We used
ART software to calculate extra regressors for motion outliers and movement, which
were included in each participant’s first-level GLM (see Supplemental Material).

6.3.4
6.3.4.1

Dynamic Causal Modelling
VOI Extraction

The 6 nodes of interest comprised the vmPFC, bilateral basolateral (BLA) and
centromedial (CMA) amygdala complexes, and the PAG. Amygdala complexes were
delineated using anatomical masks via SPM Anatomy Toolbox. We defined 6mm spheres
based on coordinates from the literature for the vmPFC and PAG (Thome et al., 2016),
where this vmPFC regions was found to display increased functional connectivity in
PTSD to areas involved in emotional reactivity and motor readiness. This sphere size was
chosen based on previous PAG, amygdala, and PFC connectivity manuscripts (see
Harricharan et al., 2016). All nodes of interest have been shown to be structurally and
functionally connected (Bandler et al., 2000; Etkin et al., 2015; LeDoux, 2007; Linnman
et al., 2012), are highly implicated in fear, emotion and defense processing (Mobbs et al.,
2009a/b, Mobbs et al., 2010), and display altered connectivity among PTSD, PTSD+DS,
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and controls (Harricharan et al., 2016; Nicholson et al., 2015). We generated a first-level
GLM to model each participant’s resting-state data, adjusting for signal from white
matter and cerebrospinal fluid, and correcting for motion by including ART regressors as
covariates-of-no-interest. We extracted the principal eigenvariate from each node
(volume) of interest from the first-level GLM of each participant to summarize regional
activity at each node.

6.3.4.2

Bayesian Model Selection

Regional activities were modeled using sDCM in SPM12 (Bastos-Leite et al., 2015;
Friston et al., 2003; Li et al., 2011). We first defined 3 models of directed hierarchical
connectivity (bidirectional, bottom-up, top-down) between each of the amygdala
complexes, the PAG and the vmPFC, and between the PAG and vmPFC (Figure 1).
Following the construction and inversion of the 3 models (for each pair of regions), we
performed random-effects Bayesian Model Selection (BMS) (Bastos-Leite et al., 2015;
Stephan et al., 2009). The superior model was identified in terms of its exceedance
probability (xp), which denotes the probability a given model is more likely to have
generated the observed data than any other model considered. For clarity, we will focus
on models with exceedance probabilities of greater than 0.8 (see Appendix J
Supplemental Material), following methods of other studies examining patient
populations (e.g. Bastos-Leite et al., 2015). In other words, models we can be 80% sure
were more likely than any other model to have generated the data.
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Figure 6-1: DCM Models
Figure 1: Each black line represents a separate pairwise stochastic DCM analysis, and corresponds to
connections between nodes for which we modeled bi-directional, top-down and bottom-up directed
connectivity. We subsequently identified superior models using Bayesian model selection.

Notably, we compared models of hierarchical reciprocal connectivity using separate
DCMs for each pair of nodes. Our motivation for this approach was to focus on the
hierarchical coupling between pairs of nodes, while allowing for any top-down or
bottom-up effective connectivity to be mediated directly or indirectly via nodes not
included in the DCM. The aim was to assess direct (monosynaptic) and vicarious
(polysynaptic) extrinsic or between region connectivity contributing to hierarchical
coupling between regions of interest. This provides an inclusive measure of directed
coupling that speaks to our hypothesis about bottom-up fear/defense driving inputs and
top-down emotional regulation. This use of Bayesian model comparison was restricted to
comparing different models within each group.
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6.3.4.3

Bayesian Model Averaging and Correlations with
Psychopathology

To supplement the Bayesian model comparison above, we performed quantitative
analyses of the underlying parameter estimates using the Bayesian Model Average of
each connectivity parameter over the 3 models for each pair of nodes, within each group.
Estimates of connection strengths were used as summary statistics for: a) classical
inference delineating group differences in the strength of connections; and b) correlations
with PTSD psychopathology (CAPS IV-total and depersonalization/derealization MDI
average scores) using Pearson bivariate correlations. Here, whereas directed (extrinsic)
connections between nodes can be positive or negative (i.e., excitatory or inhibitory),
inhibitory intrinsic self-connections are inhibitory. We conducted a MANOVA to first
observe any significant relationships between BMA parameters denoting node
connectivity and group, with each BMA parameter treated as a dependent variable. Upon
significance, this would justify examining separate univariate ANOVAS for each BMA
parameter with three levels of group (PTSD, PTSD+DS and controls). However, if
inhomogeneity of variance was detected via Levene’s test, we conducted Welch’s
ANOVA and Games-Howell post-hoc analyses. In order to control for depression
symptoms that may be driving differences in directed connectivity, we also computed
separately correlations between estimates of connection strengths between nodes and BDI
scores.

6.4
6.4.1

Results
Bayesian Model Selection

PTSD Patient Group. Clear model superiority was identified for node pairs, denoted by
high exceedance probabilities (>.80) for one particular model (see Figure 2a, c, and Table
2). Specifically, PTSD patients displayed bilateral BLA top-down coupling to the PAG,
in contrast to bottom-up connectivity from the PAG to the bilateral CMA. Whereas the
bilateral BLA complexes showed bottom-up coupling to the vmPFC, the vmPFC
displayed top-down connectivity to the right CMA. Finally, the PAG evidenced bottomup connectivity to the vmPFC.
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Figure 6-2: PTSD Bayesian Model Selection
Figure 2: Arrows correspond to the superior model delineating directional connectivity between nodes
(brain regions) as identified via Bayesian model selection in each PTSD group. Each line represents a
separate pairwise stochastic DCM analysis. Red arrows indicate unique directed connectivity in the
dissociative subtype of PTSD as compared to PTSD patients without the subtype. Arrows that appear
smaller and dashed represent directed connectivity approaching model superiority. Individual graphs
display the exceedance probabilities for each model of directed connectivity between node pairs. Here,
superior models were identified by using the exceedance probability as criterion, which denotes the
probability that a given model was more likely to have generated the observed data than any other model
considered. Model 1 refers to bi-directional connectivity between nodes, Model 2 refers to connectivity
from node 2 to node 1, and Model 3 refers to connectivity from node 1 to node 2. Node 1 and node 2 are
denoted by the order in which they appear in the title of each graph. 2a) Figure displaying directed
connectivity within PTSD for the left BLA and CMA complexes as well as for the PAG and vmPFC. 2b)
Directed connectivity within the dissociative subtype of PTSD for the left BLA and CMA complexes as
well as for the PAG and vmPFC. 2c) Directed connectivity within PTSD for the right BLA and CMA
complexes as well as for the PAG and vmPFC. 2d) Directed connectivity within the dissociative subtype of
PTSD for the right BLA and CMA complexes as well as for the PAG and vmPFC.Abbreviations:
BLA=basolateral amygdala, CMA=centromedial amygdala, PAG=periaqueductal gray,
vmPFC=ventromedial prefrontal cortex, PTSD=posttraumatic stress disorder.
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Table 6-2: Bayesian Model Selection
Group

Nodes 1 & 2

PTSD

Left BLA-PAG
Right BLA-PAG
Left CMA-PAG
Right CMA-PAG
Left BLA-vmPFC
Right BLA-vmPFC
Left CMA-vmPFC
Right CMA-vmPFC
PAG-vmPFC
Left BLA- PAG
Right BLA-PAG
Left CMA-PAG
Right CMA-PAG
Left BLA-vmPFC
Right BLA-vmPFC
Left CMA-vmPFC
Right CMA-vmPFC
PAG-vmPFC
Left BLA-PAG

PTSD+DS

Healthy
Controls

Right BLA-PAG
Left CMA-PAG
Right CMA-PAG
Left BLA-vmPFC
Right BLA-vmPFC
Left CMA-vmPFC
Right CMA-vmPFC
PAG-vmPFC

Exceedance Probability
Model 1 Model 2 Model 3
0.0001
0.1117
0.9
0
0.0375
0.9625
0.0002
0.87
0.1382
0
0.8
0.2029
0.0045
0.0197
0.9758
0.0002
0.2088
0.80
0.0035
0.4054
0.62
0
0.9263
0.0737
0.004
0.1853
0.82
0
0.0659
0.9341
0.0008
0.08
0.92
0
0.0391
0.9609
0.0043
0.159
0.85
0
0.80
0.208
0
0.9622
0.0378
0
0.65
0.3757
0.0001
0.9991
0.0008
0.0001
0.9894
0.0105
0.0001
0.6914
0.3085
0.0026
0.0034
0.0733
0.0001
0.0025
0.0495
0.009
0.0089

0.3769
0.9882
0.8095
0.0924
0.1796
0.7607
0.099
0.1024

0.6205
0.0084
0.1172
0.9075
0.8179
0.1898
0.892
0.8887

Model 1 refers to bi-directional connectivity between nodes, Model 2 refers to connectivity from node 2 to
node 1, and Model 3 refers to connectivity from node 1 to node 2. Exceedance probabilities in red indicate
superior models (>.80). Abbreviations: PTSD= posttraumatic stress disorder, PTSD+DS= dissociative
subtype posttraumatic stress disorder patients, CMA= centromedial amygdala, BLA= basolateral amygdala,
PAG= periaqueductal gray.
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PTSD Dissociative Subtype Group (PTSD+DS). We found clear top-down model
superiority between all pairs of nodes in the PTSD+DS group (see Figure 2b, d, and
Table 2). Specifically, all amygdala complexes (bilateral BLA and CMA) exerted topdown influences on the PAG. Similarly, the vmPFC evidenced top-down connectivity to
the bilateral BLA, right CMA, and PAG.
Controls. The controls exhibited unique directed connectivity profiles as compared to
both PTSD groups (see Figure 3a, b, and Table 2). Specifically, the bilateral CMA
evidenced bottom-up connectivity from the PAG to the amygdala. Moreover, the bilateral
BLA and right CMA evidenced bottom-up connectivity from the amygdala to the
vmPFC. Finally, the PAG also exerted bottom-up influences on the vmPFC.

Figure 6-3: Control Bayesian Model Selection
Figure 3: Arrows corresponds to the superior model delineating the direction of connectivity between
nodes as identified via Bayesian model selection in healthy trauma-unexposed controls. Each line
represents a separate pairwise stochastic DCM analysis in controls. Arrows that appear smaller and dashed
represent directed connectivity approaching model superiority. Graphs represent the exceedance probability
for each model of directed connectivity between node pairs. Exceedance probabilities were used as
criterion to identify superior models. Model 1 refers to bi-directional connectivity between nodes, Model 2
refers to connectivity from node 2 to node 1, and Model 3 refers to connectivity from node 1 to node 2.
Node 1 and node 2 are denoted by the order in which they appear in the title of each graph. 3a) Figure
displaying directed connectivity within healthy controls for the left BLA and CMA complexes as well as
for the PAG and vmPFC. 3b) Directed connectivity within healthy controls for the right BLA and CMA
complexes as well as for the PAG and vmPFC. Abbreviations: BLA=basolateral amygdala,
CMA=centromedial amygdala, PAG=periaqueductal gray, vmPFC=ventromedial prefrontal cortex.
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6.4.2

Bayesian Model Averaging

We detected significant multivariate effects via a MANOVA when examining the
relationship between BMA parameters and group (Pillai’s Trace = .699, F(70, 234) =
1.797, p <.001; see Appendix J Table s2 for descriptive statistics). When examining
univariate effects, we found significant main effects only for intrinsic inhibitory
connections spanning the left CMA (when averaging over the left CMA-PAG models),
left BLA (left BLA-vmPFC models), right CMA (right CMA-vmPFC models), and PAG
(PAG-vmPFC models; see Table 3). Here, the PTSD+DS group repeatedly demonstrated
the strongest intrinsic inhibitory self-connection of the vmPFC (within bilateral CMAvmPFC, right BLA-vmPFC, and PAG-vmPFC models).

Table 6-3: Bayesian Model Averaging Statistical Analyses
Node Pair in
Bayesian
Model
Averaging

Intrinsic
Inhibitory
Connection

Levene’s
Homogeneity
Test

ANOVA or
Welch’s
ANOVA

Post-Hoc
Comparison

Tukey’s
HSD or
Games
Howell

Left CMA &
PAG

Left CMA

F(2, 153) =
9.729, p <
.001*

F(2, 83.056) =
4.902, p < .010

PTSD &
PTSD+DS

ns

PTSD & Control

ns

PTSD+DS >
Control

p = .034

PTSD &
PTSD+DS

ns

PTSD & Control

ns

PTSD+DS <
Control

p = .031

PTSD &
PTSD+DS

ns

PTSD > Control

ns

Left BLA &
vmPFC

Left CMA &
vmPFC

Left BLA

vmPFC

F(2, 153) =
3.440, p <
.001*

F(2, 153) =
9.129, p <
.001*

F(2, 90.601) =
3.675, p < .030

F(2, 85.146) =
3.835, p < .025
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Right BLA &
vmPFC

Right CMA
& vmPFC

vmPFC

Right CMA

vmPFC

PAG &
vmPFC

PAG

vmPFC

F(2, 153) =
5.874, p <
.005*

F(2, 153) =
0.315, ns

F(2, 153) =
13.168, p <
.001*

F(2, 153) =
0.473, ns

F(2, 153) =
5.587, p <
.005*

F(2, 87.498) =
3.880, p < .025

F(2, 153) =
7.372, p < .001

F(2, 81.156) =
12.635, p <
.001

F(2, 153) =
7.103, p < .001

F(2, 86.350) =
6.004, p < .004

PTSD+DS >
Control

p = .020

PTSD &
PTSD+DS

ns

PTSD & Control

ns

PTSD+DS >
Control

p = .023

PTSD >
PTSD+DS

p = .018

PTSD & Control

ns

PTSD+DS <
Control

p = .001

PTSD <
PTSD+DS

ns

PTSD > Control

p = .005

PTSD+DS >
Control

p < .001

PTSD >
PTSD+DS

p = .019

PTSD & Control

ns

PTSD+DS <
Control

p < .001

PTSD &
PTSD+DS

ns

PTSD & Control

ns

PTSD+DS >
Control

p =. 003

Univariate analyses following significant multivariate effects. If a significant Levene’s test was detected
(*), Welch’s ANOVA and Games Howell post-hoc tests were conducted to account for unequal variances.
The “Post-Hoc Comparison” column denotes the direction of group differences via “< or >” if a significant
post-hoc analysis was detected. Abbreviations: PTSD= posttraumatic stress disorder, PTSD+DS=
dissociative subtype posttraumatic stress disorder patients, CMA= centromedial amygdala, BLA=
basolateral amygdala, PAG= periaqueductal gray, vmPFC = ventromedial prefrontal cortex, HSD =
Tukey’s honestly significant difference.
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6.4.3

Correlations with PTSD Psychopathology

After correcting for multiple comparisons for our a-priori hypothesized clinical variables,
we found a significant negative correlation between CAPS total scores and the strength of
connectivity between the left BLA to the vmPFC (r = -.259, p = .015). Analysis further
revealed a positive correlation between depersonalization/derealization average scores
and the strength of connectivity from the right CMA to the PAG (r = .363, p < .001).
These correlations lend construct validity to the effective connectivity estimates, given
that the psychopathology scores were completely independent of the DCM estimates.
Control analyses examining BDI scores were found to be non-significant.

6.5

Discussion

This is the first study to report unique patterns of directed connectivity within
fear/defense and emotion regulation circuitry among PTSD, PTSD+DS, and healthy
controls. Our results suggest PTSD is characterized by predominately bottom-up
connections from the PAG to the amygdala and vmPFC, and from the amygdala to the
vmPFC. By contrast, PTSD+DS is characterized by predominately top-down connections
from the vmPFC to the amygdala and PAG, and from the amygdala to PAG.

6.5.1

Amygdala Connections with the PAG

Amygdala complexes evidenced unique patterns of directed connectivity with the PAG
among all three groups. Here, the PTSD group was characterized by bottom-up
connections from the PAG to the bilateral CMA and with top-down connections from the
bilateral BLA to the PAG. By contrast, PTSD+DS was best characterized by top-down
connections from both the bilateral BLA and bilateral CMA to the PAG. This pattern of
inverse directional connectivity suggests exacerbated fear and defense-related driving
inputs from the PAG to the amygdala in PTSD patients, which may lead to
hyperarousal/hypervigilance (Lanius et al., 2010). By contrast, top-down connectivity in
the PTSD+DS group may be related to overmodulation of PAG defense/fear processing
(shut down of fight-or-flight responses) and associated emotional detachment (Hopper et
al., 2007; Lanius et al., 2010). The control group showed a pattern of connectivity more
similar to the PTSD group; however, exceedance probabilities for the BLA-PAG
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connection were considerably lower. Here, we hypothesize that this amygdala-PAG
fear/defense circuit may not be as active at rest in controls.
From a neurophysiological perspective, the BLA mediates cortical integration of fear and
emotions and is regulated by feedforward inhibition from the mPFC, with outputs to the
PFC and PAG (Duvarci & Pare, 2014; LeDoux, 2007). The CMA is more involved in
execution/expression of fear responses, with GABAergic outputs to the PAG (Duvarci &
Pare, 2014; LeDoux, 2007). The CMA complex provides the majority of projections to
the brainstem and PAG (Duvarci & Pare, 2014), which may explain why we only
observed an inverse pattern of directed connectivity between the CMA and PAG in PTSD
and PTSD+DS. Critically, the PAG is involved in coordinating instinctual defensive
reactions (i.e., fight or flight response), emotional coping, and responding to threatening
stimuli (Bandler et al., 2000; Linnman et al., 2012). Here, PAG signaling drives learned
and innate fear responses in the amygdala (Johansen et al., 2010; Kim et al., 2013), where
the PAG can modulate BLA synapses (Kim et al., 2013). Hence, whereas bottom-up
connections from the PAG to the amygdala in PTSD may indicate central inputs
signaling chronic fear responses, top-down connections from the amygdala to the PAG in
PTSD+DS may indicate overmodulation of defensive reactions and emotion related
responses. In support of this, pharmacological inactivation of the PAG attenuates fearevoked responses in the amygdala, indicating that the PAG may relay instructive fear
signals to the amygdala (Johansen et al., 2010). Accordingly, it is probable that top-down
connectivity from the BLA and CMA to the PAG in PTSD+DS represents an inhibitory
pathway involved in shutting down active defensive responses related to hyperarousal
flight-or-flight, thus enabling passive defensive responses, including dissociative states
and emotional detachment in PTSD+DS.

6.5.2

Amygdala Connections with the vmPFC

Supporting unique biomarkers of PTSD, PTSD+DS, and controls, we observed
differences in the pattern of amygdala and vmPFC effective connectivity between these
groups. Specifically, PTSD was characterized by bottom-up connections from bilateral
BLA to the vmPFC. Here, only the right CMA evidenced top-down connections from the
vmPFC to the CMA. By contrast, PTSD+DS was characterized by top-down connections
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from the vmPFC to bilateral BLA and right CMA. The control group displayed similar
BLA connectivity to the vmPFC as the PTSD group, albeit the right CMA showed
bottom-up connectivity to the vmPFC. In keeping with previous emotion modulation
models of PTSD (Lanius et al., 2010; Nicholson et al., 2015), our findings support the
notion that the vmPFC is most dominant over the amygdala in PTSD+DS. Here, the
vmPFC may exert top-down inhibition on amygdala emotional processing leading to
emotional detachment and hypoarousal. On balance, we found that PTSD+DS
demonstrated the strongest intrinsic inhibitory self-connections of the vmPFC, as
compared to the PTSD and controls.
Broadly, the vmPFC is involved heavily in implicit regulation of fear and emotions
(Etkin et al., 2015). Given this role, the amygdala may serve as an emotion processing
region resulting from the integration of top-down emotion regulation from the vmPFC
(cognitive circuit) and bottom-up defense/fear generation from the PAG/midbrain
(defensive survival circuit) (Åhs et al., 2015; Etkin et al, 2015; LeDoux, 2016; Panksepp,
2011; Panksepp & Biven, 2012). Interestingly, recent studies have shown more emotional
dysregulation and numbing, as well as self-blame, detachment, and an inability to feel
positive emotions among PTSD+DS patients (Bennett, Modrowski, Kerig, & Chaplo,
2015; Hansen, Műllerová, Elklit & Armour, 2016). Our results suggest that emotional
processing in the amygdala may be blunted as a result of increased top-down connectivity
from the vmPFC in PTSD+DS. This conclusion is in line with our previous work in
Chapter 2, where we demonstrated increased resting-state functional connectivity of the
PFC with the BLA and CMA among PTSD+DS as compared to PTSD, which was
correlated to dissociative symptoms (Nicholson et al., 2015). It is interesting to note from
a treatment perspective, that down-regulating amygdala activation during emotional
processing via real-time fMRI neurofeedback let to increased PFC-amygdala connectivity
in PTSD patients in Chapter 5 (Nicholson et al., 2016).

6.5.3

PAG and vmPFC Connections

Whereas in PTSD the PAG displayed bottom-up directional connectivity to the vmPFC,
PTSD+DS was characterized by top-down directional connectivity. The control group
also displayed bottom-up directional connectivity from the PAG to the vmPFC. In the
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PTSD group, we predicted the direction of information flow would go from the PAG to
the vmPFC, corresponding to increased fear/defense processing inputs from the PAG
related to chronic hyperarousal. Furthermore, in PTSD+DS, we predicted top-down
connectivity from the vmPFC to the PAG; here, the vmPFC may over-regulate limbic
reactivity corresponding to hypoarousal in PTSD+DS.
Critically, the vmPFC has direct connections with the PAG (Bandler et al., 2000;
Linnman et al., 2012), where it has been established that as threat comes closer or is
perceived as more imminent, processing shifts from higher-order vmPFC and orbital
frontal regions towards more primitive emotion/defense regions, such as the PAG and
amygdala (Mobbs et al., 2010; Mobbs et al., 2009b). Here, Mobbs et al. (2009b) suggest
that whereas higher-order forebrain areas (vmPFC) are involved in the regulation of fear,
imminent danger results in automatic and “hard-wired” defensive reactions mediated by
the PAG. Hence, the PTSD group may perceive threats as more chronically imminent,
thus displaying bottom-up driving inputs form the PAG to the vmPFC (Panksepp, 2011;
Panksepp & Biven, 2012). Inversely, the PTSD+DS group may display over-regulation
from the vmPFC on defensive fear processing within the PAG. Notably, we found that
PTSD+DS demonstrated the strongest intrinsic inhibitory self-connections of the vmPFC.
In controls, by contrast, top-down emotion regulation from the vmPFC on the PAG may
not be needed during resting state, given that this group does not possess pathological
activation of fear and defense circuits due to trauma exposure. Accordingly, we
hypothesize that whereas bottom-up directional connectivity in the control group may be
related to normal interoceptive/limbic ascending sensory signal transfer (Harricharan et
al., 2016; Nicholson et al., 2015), in the PTSD group, this may instead relate to
pathological bottom-up limbic activation related to hyperarousal (Felmingham et al.
2008; Hopper et al., 2007; Stevens et al., 2013).

6.5.4

Associations Between sDCM Findings and Psychopathology

Among patients, we found a significant negative correlation between CAPS total scores
and strength of connectivity from the left BLA to the vmPFC. Notably, higher CAPS
scores are reported by PTSD+DS patients (Wolf et al., 2012). This negative correlation
between CAPS and connectivity from the left BLA to the vmPFC may be related to
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enhanced prefrontal top-down modulation among PTSD+DS. Indeed, the vmPFC may
adapt, through necessity, to shut down and contain activations that repeatedly threaten to
overwhelm the functioning of basic physiological systems. In support of increased topdown connectivity among PTSD+DS, we also found a significant positive correlation
between depersonalization/derealization average scores and the strength of connectivity
from the right CMA to the PAG.

6.5.5

Limitations and Future Directions

The current approach needs to be applied longitudinally, in larger samples. It would also
be of interest to conduct a separate examination in complex PTSD, and with a restingstate protocol that obtains more functional volumes. The majority of our sample was also
female. Hence, sex differences will need to be examined in future studies. In addition to
implementing the new parametric empirical Bayes (PEB) framework, examining node
connectivity during trauma provocation and elucidating inhibitory/excitatory connections,
future studies should also examine PAG subregions separately, as well as other areas of
the PFC, insula and cingulate cortex.

6.5.6

Conclusion

Here, we describe the first study to examine cortical and subcortical biomarkers of
directed connectivity in PTSD and its dissociative subtype, as well as in healthy controls.
We found that PTSD patients were characterized predominately by bottom-up
connections from the PAG to the vmPFC and amygdala, and from the amygdala to
vmPFC. By contrast, PTSD+DS was characterized predominately by top-down
connections from the vmPFC to amygdala and PAG, and from the amygdala to PAG.
These results suggest that the contrasting symptom profiles of PTSD and its dissociative
subtype (hyper- vs. hypo- emotionality, respectively) may be related to their opposing
patterns of directional connectivity.
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7

Integrated Discussion and Conclusions

The theme of this thesis dissertation was to investigate aberrant amygdala neural circuitry
in PTSD and its dissociative subtype, as the amygdala is thought to be critical to the
development and maintenance of symptoms experienced by patients with PTSD. On
balance, the amygdala and insula each show unique activation profiles related to
contrasting symptoms between the two groups – hyper/ hypoactivation of the amygdala
and insula in the PTSD and PTSD+DS, respectively (Hopper, Frewen, Sack, Lanius, &
Van Der Kolk, 2007; Lanius et al., 2010; Pitman et al., 2012; Weston, 2014). Here, the
overarching hypothesis of this thesis predicted that unique connectivity patterns of the
amygdala would be associated with specific symptom presentations in patients with
PTSD, and in turn, normalization of this altered neural circuitry may represent a critical
treatment avenue.

7.1
Amygdala Complex Functional Connectivity and
PTSD
The primary aim of study 1 was to compare connectivity patterns of the BLA and CMA
complexes between individuals exhibiting PTSD and PTSD+DS. As compared to the
PTSD group, the PTSD+DS group exhibited greater amygdala functional connectivity to
prefrontal regions involved in emotion regulation (bilateral BLA and left CMA to the
middle frontal gyrus and bilateral CMA to the medial frontal gyrus). This finding is in
line with proposed emotional modulation models of PTSD, which suggest contrasting
patterns of decreased versus increased PFC inhibition on limbic regions in PTSD versus
PTSD+DS, respectively (Lanius et al., 2010). Group differences in amygdala
connectivity with the middle and medial frontal gyri in study 1 may therefore underlie
unique neural processing of emotional appraisal/expression and/or regulation in different
subtypes of PTSD (Etkin, Egner, & Kalisch, 2011).
In addition, the PTSD+DS group displayed greater amygdala functional connectivity to
regions involved in consciousness, awareness, and proprioception (left BLA to superior
parietal lobe and cerebellar culmen; left CMA to dorsal posterior cingulate and
precuneus) as compared to the PTSD group. This may have implications for the
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underlying neural mechanisms responsible for unique symptom presentation within
PTSD+DS, including dissociative symptoms of depersonalization and derealization,
hypoarousal and hypoemotionality (Lanius et al., 2010).
In conclusion, the results of study 1 suggest unique amygdala functional connectivity of
both the BLA and CMA complexes among individuals with PTSD and its dissociative
subtype. Here, differences in amygdala complex connectivity to specific brain regions
parallel the unique symptoms of trauma within these groups. Amygdala complex resting
state connectivity may serve as a biological marker for PTSD+DS, where the
identification of specific patterns of BLA and CMA connectivity may help to further
characterize PTSD patient groups. Critically, these findings emphasize the importance of
employing a heterogeneous conceptualization of PTSD patient groups when designing
neurobiological and clinical studies. Moreover, our results point to unique treatment
avenues for various subtypes of PTSD patients.

7.2
Insula Subregion Functional Connectivity and
PTSD
As individual insula subregion functional connectivity has also previously not been
elucidated within PTSD patients, the aim of study 2 was to compare directly connectivity
patterns of the anterior, mid, and posterior insula, among patients with PTSD, PTSD+DS
and controls. We predicted that there would be increased resting-state functional
connectivity between insula subregions and the amygdala in both PTSD patient groups as
compared to controls, as PTSD has been associated with increased insula-amygdala
connectivity (Sripada et al., 2012). On balance, we report increased insula connectivity in
the PTSD group (bilateral anterior, bilateral mid, and left posterior) to BLA clusters in
both hemispheres, and increased connectivity in the PTSD+DS group (bilateral anterior,
left mid, and left posterior insula) to the left BLA when compared to controls.
Furthermore, we hypothesized that there would be altered insula subregion connectivity
to the amygdala when comparing patients with PTSD and PTSD+DS. In keeping with
these predictions, PTSD+DS patients displayed increased insula connectivity (bilateral
anterior, left mid, and right posterior) to the left BLA complex as compared to the PTSD
group.

197

In line with study 1, the results of the study 2 point towards resting-state bio-markers of
insula subregion-amygdala connectivity among PTSD, and PTSD+DS patients. Increased
insula connectivity among PTSD patients to the basolateral amygdala may be associated
with aberrant arousal/interoception patterns, in addition to altered monitoring of bodily
states and somatosensory processing (in relation to dissociation) – as the anterior, mid,
and posterior insula regions are associated with these functions, respectively (Craig,
2011; Critchley, Wiens, Rotshtein, Ohman, & Dolan, 2004; Deen, Pitskel, & Pelphrey,
2011). Critically, depersonalization/derealization mean scores and CAPS total scores
predicted insula subregion connectivity to the BLA among PTSD patients. Study 2 is an
important first step in elucidating the functional connectivity of insula subregions in
PTSD and how these connections are associated with contrasting arousal and emotional
processing in patients with PTSD (hyper-monitoring/detection of arousal and
hypervigilance) and PTSD+DS (attenuated arousal/interoception, emotional numbing and
depersonalization/derealization). Future research investigating these pathways will be
central to further characterizing the pathogenesis, maintenance, and treatment of PTSD.

7.3
Targets for Intervention- Converging Evidence
from Neurofeedback Studies
In support of validating neurofeedback as an adjunctive treatment for PTSD, both
modalities of neurofeedback in study 3 (EEG) and study 4 (real-time fMRI) were found
to shift amygdala connectivity away from fear/defense processing and memory regions,
towards prefrontal emotion regulation areas after intervention. Taken together, these
results support the hypothesis that the neural pathophysiology of PTSD is characterized
by attenuated prefrontal inhibition on the limbic system, resulting in emotional
dysregulation of the amygdala. Findings from both study 3 and 4 have significant
implications for developing targeted non-invasive treatment interventions for PTSD
patients that utilize EEG and real-time fMRI neurofeedback.

7.3.1

EEG Neurofeedback and Amygdala Complexes

Our group previously demonstrated that large-scale functional brain networks implicated
in PTSD could be plastically modified using EEG alpha rhythm desynchronization –
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which was associated with symptom alleviation and a “rebound” in alpha synchronization
post neurofeedback (Kluetsch et al., 2014). Here, in study 4, we show that this 30-minute
session of neurofeedback is also capable of shifting amygdala complex connectivity from
“bottom-up” areas implicated in defensive, emotional, and fear processing/memory
retrieval to “top-down” prefrontal emotion regulation regions. Consistent with
neurocognitive models of PTSD (Lanius et al., 2010), this shift in amygdala complex
connectivity was positively associated with reduced hyperarousal among patients,
together with a stronger “rebound” of alpha synchronization, which was negatively
correlated to PTSD symptom severity.
Specifically, before neurofeedback the left BLA and left SFA evidenced increased
functional connectivity to the PAG, as compared to the post neurofeedback condition,
which may reflect increased fear and defense circuit processing in PTSD patients before
the intervention. The left SFA also displayed increased connectivity to the hippocampus,
before neurofeedback as compared to after, which may represent a heightened connection
between emotional processing and autobiographical memory within PTSD patients
before neurofeedback intervention, as the hippocampus is reciprocally linked to the
amygdala where both are involved in fear and anxiety circuits (Pitman et al., 2012;
Ravindran & Stein, 2009), as well as autobiographical memory retrieval (Greenberg et
al., 2005).
Additionally, we report a shift in amygdala connectivity from regions involved in fear
processing and fear memory toward ventromedial emotion regulation cortical areas
(Etkin et al., 2011). Here, we observed increased right CMA amygdala connectivity to
the medial PFC after neurofeedback, as compared to pre neurofeedback. This suggests
top-down emotional regulation over the amygdala (Etkin et al., 2011), where specifically
the CMA is involved in the execution of fear responses (Duvarci & Pare, 2014).
Speculatively, this regulatory connection may underlie the alleviation of symptoms
observed in PTSD patients after neurofeedback. In support of this mechanism, when
examining post vs. pre neurofeedback connectivity, greater CAPS scores were negatively
correlated to connectivity between the right BLA and right mPFC, where the BLA is
involved in integrating cortical emotional processing (Duvarci & Pare, 2014).

199

In sum, we show that after one session of alpha amplitude reduction via EEG
neurofeedback, amygdala complex connectivity concomitantly shifts from areas
implicated in defensive, emotional, and fear processing/memory retrieval to prefrontal
emotion regulation regions. This shift in amygdala complex connectivity was positively
associated with reduced arousal among PTSD patients and more alpha “rebound”, and
negatively correlated to PTSD symptom severity. These results have significant
implications for developing non-invasive interventions which utilize neurofeedback (see
study 4) and provide evidence of neuronal reconfiguration after neurofeedback between
areas highly implicated in PTSD. This therapeutic shift from lower order regions to
emotion regulation regions further suggests that future PTSD studies should examine the
entire neural axis, devoting more attention to lower order brains regions, such as the
PAG, given their central role in emotional processing.

7.3.2

Real-time fMRI Neurofeedback and Amygdala Down
Regulation

Emotion dysregulation is central to the clinical presentation of PTSD and is thought to
arise, in part, due to altered amygdala top-down inhibition from the PFC (Aupperle,
Melrose, Stein, & Paulus, 2012; Lanius et al., 2010; Pitman et al., 2012; Ronzoni, del
Arco, Mora, & Segovia, 2016). As highlighted above, aberrant amygdala
activity/connectivity has been illustrated in a number of studies, where the majority of
patients with PTSD are characterized by hyperactivation of the amygdala (Aghajani et al.,
2016; Birn, Patriat, Phillips, Germain, & Herringa, 2014; Etkin & Wager, 2007; Lanius et
al., 2010; Lanius, Frewen, Tursich, Jetly, & Mckinnon, 2015; Mickleborough et al., 2011;
Pitman et al., 2012; Stevens et al., 2013; but also see the dissociative subtype of PTSD,
Lanius et al., 2010; 2012; Nicholson et al, 2015). Accordingly, we sought to investigate
the ability of patients to self-regulate their emotional states using utilizing rt-fMRI-nf
targeting amygdala downregulation.
We found that patients were able to successfully downregulate amygdala activity during
trauma provocation, an effect that was sustained during the transfer run without
neurofeedback. As predicted, the ability to downregulate the amygdala during
neurofeedback and the transfer run was associated with increased activation in the dlPFC
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and vlPFC, regions associated with emotion regulation. In addition, the amygdala
displayed increased task-based functional connectivity to the dlPFC and dmPFC during
neurofeedback training, for the regulate as compared to view condition. In keeping with
these findings, our DCM analysis suggested that amygdala-PFC connectivity is
modulated by downregulation of the amygdala in both top-down and bottom-up
directions, with driving inputs feeding directly into the PFC. Furthermore, on balance
with our predictions, we found that PFC, rostral ACC, and insula activation was
correlated negatively to PTSD and dissociative symptoms during the transfer run. Here,
PTSD symptom severity positively correlated to the degree of amygdala downregulation
during training runs 1 and 3, suggesting that patients with more severe PTSD symptoms
actually decrease amygdala activity more during neurofeedback.
Critically, these rt-fMRI results are consistent with those found in study 3 using a
different modality of neurofeedback, where one 30-minute session of alpha
desynchronizing EEG-neurofeedback was shown to shift amygdala complex connectivity
away from fear/defense processing and memory regions towards prefrontal emotion
regulation areas after intervention. Taken together, these results support the hypothesis
that psychopathology on the neuronal level in the majority of PTSD patients is
characterized by aberrant prefrontal inhibition on the limbic system, resulting in
emotional dysregulation, and suggests that neurofeedback may represent a potential
adjunctive treatment avenue. Interestingly, it was found that both modalities of
neurofeedback evidenced neuronal reconfiguration of amygdala connectivity. This speaks
to the validity of neurofeedback as a potential treatment and also the clinical application
of such neurofeedback, as EEG represents a more cost efficient and portable modality
that may be more accessible to rural populations and deployed military personnel.

7.4
Directed Connectivity Within PTSD Neural
Architecture
Previous chapters in this dissertation have investigated the undirected functional
connectivity of the neural architecture underlying PTSD. Study 5 is the first experiment
to report unique patterns of directed connectivity within fear/defense and emotion
regulation circuitry among PTSD, PTSD+DS, and healthy controls. Our results suggest
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PTSD is characterized by predominately bottom-up connections from the PAG to the
amygdala and vmPFC, and from the amygdala to the vmPFC. By contrast, PTSD+DS is
characterized by predominately top-down connections from the vmPFC to the amygdala
and PAG, and from the amygdala to PAG.
In conclusion, the results of this dissertation highlight the complexity of different PTSD
subtypes, and suggest that the contrasting symptom profiles of PTSD and its dissociative
subtype (hyper- vs. hypo- emotionality, respectively) may be related to their opposing
patterns of directional connectivity within PTSD neural architecture. Furthermore, this
collection of work suggests that therapeutically altering connectivity of the amygdala
may represent a promising non-invasive treatment avenue for PTSD.
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Appendix B: Chapter 2 Supplemental Material

Supplemental Methods
Statistical Analyses
A whole-brain 3 (group) × 2 (complex) full-factorial analysis of variance (ANOVA) was
conducted in the second-level analyses. The between factor of group consisted of 3
levels: dissociative subtype, non-dissociative subtype and controls, and the withinsubjects factor consisted of 2 levels: BLA and CMA. The group × complex interaction
yielded 8 significant (FWE-corrected p < .05, k = 10) gray matter clusters (see Table 2
for ANOVA results). Follow-up comparisons for the 8 coordinates meeting the above
error rate protection were then conducted examining connectivity values in one- and twosample t-tests. Follow-up analyses utilized p-uncorrected < .005 k = 10, as following the
suggestion of Lieberman and Cunningham (2009) to balance the relative risk of Type I
versus II error rates. One-sample within-group analyses were conducted for each PTSD
patient group and control group, individually for each amygdala seed region (see Tables
s1a, s2a, s3a below). Two-sample between-group contrasts were explored for each seed
region, comparing both PTSD patient groups, and each patient group to the control group
(see Table s4a). Similarily, bilateral dlPFC coordinates were specified a-priori and used
to conduct small volume correction analyses with an 8-mm radius sphere (MNI 36 25 30:
Lévesque et al, 2003; MNI 48 28 36 and MNI -12 22 60: Banks et al., 2007) (FWEcorrected p < .05 k = 10). This region was chosen as the model postulated by Lanius et al.
(2010) hypothesizes that PFC regions exhibit differential top down inhibition in
PTSD+DS versus PTSD-DS. Critically, Lévesque et al. (2003) report increased activation
within the right dlPFC when participants were asked to voluntarily suppress negative
emotion – where negative emotion was associated with increased amygdala activation.
Banks et al. (2007) show that the dlPFC exhibits connectivity to the amygdala when
participants were asked to regulate negative affect (see Tables s1b, s2b, s3b and s4b
which include the a-priori region).
Baseline amygdalar activity was also compared across groups for each seed to avoid
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potential confounding variables when drawing activity correlations. The nature of
connectivity analyses are based on temporal correlations of activity between two brain
regions. It is therefore necessary to control for the fact that the seed region may show
differential activity during rest between the two groups. In turn, the analysis may be
searching for a larger magnitude of activity to correlate with this seed region in one
group. As a result, the differences in connectivity between groups may be driven by the
unique baseline activity of the seed region. This is illustrated by Martuzzi et al. (2010)
where functional connectivity was altered by changing baseline brain activity using
anesthesia.
One-way independent analyses of variance (ANOVAs) were used to compare baseline
amygdala activity and clinical variables. If a significant Levene’s test of homogeneity of
variance was detected, Games-Howell post hoc for unequal variances was conducted.
Games-Howell post hocs yield Type 1 errors acceptably close to nominal amounts
without sacrificing large amounts of power (Games & Howell, 1976), endorsed by
Milligan, Wong and Thompson (1987) based on supportive Monte Carlo results
(Keselman, Games & Rogan, 1979). Tukey-Kramer HSD post hoc for unequal sample
sizes was then conducted for any significant ANOVAs.
Levene’s test of variance was non-significant for bilateral CMA and the right BLA. Equal
variances could therefore be assumed, and Games-Howell analyses were conducted for
the left BLA (means and standard deviations are presented in Table s5, statistics are
present in Table s6). Via one-way ANOVAs, it was demonstrated that group amygdala
baseline means were not equal for the left and right CMA. No significant differences
between groups within the right BLA were found. Tukey-Kramer HSD post hoc revealed
that within the left CMA, only the PTSD-DS group’s and control group’s baseline
amygdala activity differed significantly (higher activity in the control group), while no
significant differences were found between the PTSD-DS and PTSD+DS groups, and the
PTSD+DS and control groups. Within the right CMA, significant differences were again
only found between the PTSD-DS group and control group (higher activity in the control
group). Via Games-Howell comparisons between groups, no differences in left BLA
baseline amygdala activity were found.
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Supplemental Results

Table s1.1 Sample Control Resting-state Amygdala Functional Connectivity
Table s2 A)
Seed

Gyrus/Sulcus

H

BA

Cluster
Size

Beta
Values

Left
Basolateral

Middle Temporal Gyrus

R

22

948

0.177

Inferior Parietal Lobule

R

40

631

Superior Parietal Lobule

L

7

1149

Inferior Temporal Gyrus

L

21

Postcentral Gyrus

L

Middle Temporal Gyrus

Right
Basolateral

X

MNI
Coordinate
Y

t(35)

Z
score

p
Unc.

Z

60

-42

2

11.84

7.46

<.0001

0.175

50

0.185

-32

-38

58

11.11

7.23

<.0001

-64

58

10.72

7.09

900

0.169

<.0001

-58

-8

-22

10.25

6.92

5

1149

<.0001

0.194

-36

-50

64

9.71

6.72

L

21

<.0001

900

0.174

-52

2

-28

9.61

6.68

Middle Temporal Gyrus

R

<.0001

39

948

0.135

50

-60

8

9.54

6.65

Superior Temporal
Gyrus
Cerebellum, Culmen

R

<.0001

13

948

0.153

60

-44

18

11.84

6.64

<.0001

Inferior Parietal Lobule

L

40

1312

0.095

16

-52

-16

9.49

6.63

<.0001

1149

0.164

-40

-48

60

9.48

6.61

Postcentral Gyrus

L

<.0001

2

1149

0.210

-32

-40

70

8.40

6.17

Parahippocampal Gyrus

R

<.0001

19

1312

0.070

20

-46

-8

7.12

5.55

Cerebellum, Culmen

<.0001

L

527

0.092

-30

-38

-32

6.21

5.06

<.0001

Cerebellum, Tonsil

L

527

0.082

-36

-52

-40

6.00

4.94

<.0001

Cerebellum, Declive

R

1312

0.073

24

-60

-22

5.32

4.89

<.0001

Mid-Cingulate Gyrus

L

24

1421

0.087

-2

0

38

5.73

4.78

<.0001

Mid-Cingulate Gyrus

R

32

1421

0.078

8

6

42

5.43

4.59

<.0001

Fusiform Gyrus

R

19

1312

0.063

24

-66

-14

5.32

4.52

<.0001

Cerebellum, Tuber

L

527

0.070

-32

-60

-38

4.99

4.30

<.0001

Postcentral Gyrus

L

5

974

0.145

-38

-50

62

7.26

5.63

<.0001

Superior Temporal
Gyrus
Superior Temporal
Gyrus
Middle Temporal Gyrus

L

38

607

0.156

-50

8

-26

7.00

5.50

<.0001

R

22

810

0.090

54

-54

12

6.98

5.49

<.0001

R

21

810

0.096

60

-42

0

6.67

5.32

<.0001

Middle Temporal Gyrus

L

21

607

0.082

-46

0

-36

5.14

5.25

<.0001

Superior Parietal Lobule

L

7

974

0.128

-30

-58

64

6.42

5.19

<.0001

Inferior Parietal Lobule

L

40

503

0.126

50

-38

58

6.43

5.19

<.0001

Middle Temporal Gyrus

R

22

810

0.116

58

-46

2

4.57

5.16

<.0001

Inferior Parietal Lobule

L

40

974

0.132

-44

-52

54

6.29

5.11

<.0001

Cerebellum, Culmen

R

1198

0.078

28

-46

-24

6.25

5.09

<.0001

Cerebellum, Culmen

L

435

0.061

-30

-52

-34

6.14

5.03

<.0001

Postcentral Gyrus

L

2

974

0.146

-42

-40

64

5.95

4.91

<.0001

Fusiform Gyrus

R

37

1198

0.076

28

-50

-16

5.59

4.69

<.0001

Mid-Cingulate Gyrus

L

24

847

0.065

-2

-2

52

5.47

4.62

<.0001

Cerebellum, Declive

R

1198

0.082

30

-54

-18

5.41

4.58

<.0001

Cerebellum, Pyramis

L

435

0.072

-30

-60

-38

4.45

4.45

<.0001

Postcentral Gyrus

R

1

503

0.078

60

-28

42

4.77

4.16

<.0001

Lingual Gyrus

R

19

1198

0.058

16

-56

-6

4.72

4.12

<.0001

Supramarginal Gyrus

R

40

810

0.137

58

-48

22

4.57

4.02

<.0001

Parahippocampal Gyrus

R

19

1198

0.056

22

-46

-8

4.29

3.81

<.0001

Mid-Cingulate Gyrus

R

32

847

0.060

8

8

42

3.91

3.53

<.0005

R
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Cerebellum, Tonsil

L

435

0.071

-40

-44

-40

3.25

3.02

<.0001

Middle Temporal Gyrus

L

38

635

0.075

-50

10

-20

4.27

3.80

<.0001

Mid-Cingulate Gyrus

L

24

54

0.047

-2

14

32

4.26

3.80

<.0001

Cerebellum, Culmen

L

92

0.052

-42

-50

-28

4.22

3.80

<.001

Superior Temporal
Gyrus
Superior Temporal
Gyrus
Cerebellum, Declive

R

39

698

0.056

52

-58

8

4.15

3.72

<.0005

R

22

698

0.056

60

-36

8

3.77

3.43

<.0005

51

0.045

30

-60

-18

3.71

3.39

<.0005

Mid-Cingulate Gyrus

L

32

54

0.031

-4

12

42

3.65

3.33

<.001

Middle Temporal Gyrus

L

21

635

0.076

-54

0

-10

3.20

3.30

<.0001

Cerebellum, Culmen

R

40

0.040

16

-42

-12

3.53

3.24

<.001

Superior Temporal
Gyrus
Lingual Gyrus

R

13

698

0.023

48

-46

18

3.47

3.20

<.001

R

19

75

0.038

16

-56

-6

3.40

3.14

<.001

Temporal Lobe

L

21

19

0.038

-42

2

-32

4.56

4.01

<.0001

Insula

R

13

88

0.043

54

-40

18

3.70

3.38

<.0001

Seed

Gyrus/Sulcus

H

BA

Cluster
Size

Beta
Values

t(35)

Z
score

p
FWE

X

MNI
Coordinate
Y

Z

Left
Basolateral

Superior Frontal Gyrus

L

6

168

0.285

-16

26

60

8.87

6.38

<.001

Superior Frontal Gyrus

R

9

154

0.263

44

34

34

8.25

6.11

<.001

Middle Frontal Gyrus

R

9

154

0.218

48

24

42

6.66

5.32

<.001

Middle Frontal Gyrus

R

9

91

0.162

46

34

30

4.68

4.09

<.001

Superior Frontal Gyrus

L

6

174

0.203

-18

22

62

5.89

4.87

<.001

Left
Centromedial

Right
Centromedial

R

Table s2 B)

Right
Basolateral
Left
Centromedial
Right
Centromedial

ns
ns

A) Follow-up comparisons from the ANOVA interaction, p < .005, k = 10.
B) Small volume correction a-priori analysis, FWE-corrected p < .05, k =10. Abbreviations: FWE = Family
wise error, Unc. = uncorrected p-value, BA = Broadmann Area, H = Hemisphere.
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Table s2. 1 Sample Non-dissociative PTSD Patient Resting-state Amygdala
Functional Connectivity
Table s2 A)
Seed

Gyrus/Sulcus

H

BA

Cluster
Size

Beta
Values

Left
Basolateral

Middle Temporal Gyrus

R

22

948

0.177

Inferior Parietal Lobule

R

40

631

Superior Parietal Lobule

L

7

1149

Inferior Temporal Gyrus

L

21

Postcentral Gyrus

L

Middle Temporal Gyrus

Right
Basolateral

Left
Centromedial

X

MNI
Coordinate
Y

t(35)

Z
score

p
Unc.

Z

60

-42

2

11.84

7.46

<.0001

0.175

50

0.185

-32

-38

58

11.11

7.23

<.0001

-64

58

10.72

7.09

900

0.169

<.0001

-58

-8

-22

10.25

6.92

5

1149

<.0001

0.194

-36

-50

64

9.71

6.72

L

21

<.0001

900

0.174

-52

2

-28

9.61

6.68

Middle Temporal Gyrus

R

<.0001

39

948

0.135

50

-60

8

9.54

6.65

Superior Temporal
Gyrus
Cerebellum, Culmen

R

<.0001

13

948

0.153

60

-44

18

11.84

6.64

<.0001

Inferior Parietal Lobule

L

40

1312

0.095

16

-52

-16

9.49

6.63

<.0001

1149

0.164

-40

-48

60

9.48

6.61

Postcentral Gyrus

L

<.0001

2

1149

0.210

-32

-40

70

8.40

6.17

Parahippocampal Gyrus

R

<.0001

19

1312

0.070

20

-46

-8

7.12

5.55

Cerebellum, Culmen

<.0001

L

527

0.092

-30

-38

-32

6.21

5.06

<.0001

Cerebellum, Tonsil

L

527

0.082

-36

-52

-40

6.00

4.94

<.0001

Cerebellum, Declive

R

1312

0.073

24

-60

-22

5.32

4.89

<.0001

Mid-Cingulate Gyrus

L

24

1421

0.087

-2

0

38

5.73

4.78

<.0001

Mid-Cingulate Gyrus

R

32

1421

0.078

8

6

42

5.43

4.59

<.0001

Fusiform Gyrus

R

19

1312

0.063

24

-66

-14

5.32

4.52

<.0001

Cerebellum, Tuber

L

527

0.070

-32

-60

-38

4.99

4.30

<.0001

Postcentral Gyrus

L

5

974

0.145

-38

-50

62

7.26

5.63

<.0001

Superior Temporal
Gyrus
Superior Temporal
Gyrus
Middle Temporal Gyrus

L

38

607

0.156

-50

8

-26

7.00

5.50

<.0001

R

22

810

0.090

54

-54

12

6.98

5.49

<.0001

R

21

810

0.096

60

-42

0

6.67

5.32

<.0001

Middle Temporal Gyrus

L

21

607

0.082

-46

0

-36

5.14

5.25

<.0001

Superior Parietal Lobule

L

7

974

0.128

-30

-58

64

6.42

5.19

<.0001

Inferior Parietal Lobule

L

40

503

0.126

50

-38

58

6.43

5.19

<.0001

Middle Temporal Gyrus

R

22

810

0.116

58

-46

2

4.57

5.16

<.0001

Inferior Parietal Lobule

L

40

974

0.132

-44

-52

54

6.29

5.11

<.0001

Cerebellum, Culmen

R

1198

0.078

28

-46

-24

6.25

5.09

<.0001

Cerebellum, Culmen

L

435

0.061

-30

-52

-34

6.14

5.03

<.0001

Postcentral Gyrus

L

2

974

0.146

-42

-40

64

5.95

4.91

<.0001

Fusiform Gyrus

R

37

1198

0.076

28

-50

-16

5.59

4.69

<.0001

Mid-Cingulate Gyrus

L

24

847

0.065

-2

-2

52

5.47

4.62

<.0001

Cerebellum, Declive

R

1198

0.082

30

-54

-18

5.41

4.58

<.0001

Cerebellum, Pyramis

L

435

0.072

-30

-60

-38

4.45

4.45

<.0001

Postcentral Gyrus

R

1

503

0.078

60

-28

42

4.77

4.16

<.0001

Lingual Gyrus

R

19

1198

0.058

16

-56

-6

4.72

4.12

<.0001

Supramarginal Gyrus

R

40

810

0.137

58

-48

22

4.57

4.02

<.0001

Parahippocampal Gyrus

R

19

1198

0.056

22

-46

-8

4.29

3.81

<.0001

Mid-Cingulate Gyrus

R

32

847

0.060

8

8

42

3.91

3.53

<.0005

Cerebellum, Tonsil

L

435

0.071

-40

-44

-40

3.25

3.02

<.0001

Middle Temporal Gyrus

L

38

635

0.075

-50

10

-20

4.27

3.80

<.0001

Mid-Cingulate Gyrus

L

24

54

0.047

-2

14

32

4.26

3.80

<.0001

R
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Cerebellum, Culmen

L

92

0.052

-42

-50

-28

4.22

3.80

<.001

Superior Temporal
Gyrus
Superior Temporal
Gyrus
Cerebellum, Declive

R

39

698

0.056

52

-58

8

4.15

3.72

<.0005

R

22

698

0.056

60

-36

8

3.77

3.43

<.0005

51

0.045

30

-60

-18

3.71

3.39

<.0005

Mid-Cingulate Gyrus

L

32

54

0.031

-4

12

42

3.65

3.33

<.001

Middle Temporal Gyrus

L

21

635

0.076

-54

0

-10

3.20

3.30

<.0001

Cerebellum, Culmen

R

40

0.040

16

-42

-12

3.53

3.24

<.001

Superior Temporal
Gyrus
Lingual Gyrus

R

13

698

0.023

48

-46

18

3.47

3.20

<.001

R

19

75

0.038

16

-56

-6

3.40

3.14

<.001

Temporal Lobe

L

21

19

0.038

-42

2

-32

4.56

4.01

<.0001

Insula

R

13

88

0.043

54

-40

18

3.70

3.38

<.0001

Seed

Gyrus/Sulcus

H

BA

Cluster
Size

Beta
Values

t(35)

Z
score

p
FWE

X

MNI
Coordinate
Y

Z

Left
Basolateral

Superior Frontal Gyrus

L

6

168

0.285

-16

26

60

8.87

6.38

<.001

Superior Frontal Gyrus

R

9

154

0.263

44

34

34

8.25

6.11

<.001

Middle Frontal Gyrus

R

9

154

0.218

48

24

42

6.66

5.32

<.001

Middle Frontal Gyrus

R

9

91

0.162

46

34

30

4.68

4.09

<.001

Superior Frontal Gyrus

L

6

174

0.203

-18

22

62

5.89

4.87

<.001

Right
Centromedial

R

Table s2 B)

Right
Basolateral
Left
Centromedial
Right
Centromedial

ns
ns

A) Follow-up comparisons from the ANOVA interaction, p < .005, k = 10.
B) Small volume correction a-priori analysis, FWE-corrected p < .05, k =10. Abbreviations: FWE = Family
wise error, Unc. = uncorrected p-value, BA = Broadmann Area, H = Hemipshere.
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Table s3. 1 Sample Dissociative Subtype PTSD Patients Resting-state Amygdala
Functional Connectivity
Table s3 A)
Seed

Gyrus/Sulcus

H

Left
Basolateral

Cerebellum, Culmen

R

Postcentral Gyrus

R

Inferior Parietal Lobule

L

Superior Parietal
Lobule
Cerebellum, Declive

L
R

Postcentral Gyrus

L

7

Middle Temporal Gyrus

R

Postcentral Gyrus

L

Cerebellum, Culmen

L

Superior Temporal
Gyrus
Superior Temporal
Gyrus
Inferior Parietal Lobule

R

Postcentral Gyrus

Right
Basolateral

Left
Centromedial

BA

Cluster
Size

Beta
Values
X

MNI
Coordinate
Y

t(12)

Z
score

p
Unc.

1407

0.086

Z

8

-58

-16

13.61

5.70

<.0001

40

734

40

1351

0.093

56

0.212

-50

-34

52

12.80

5.58

<.0001

-50

50

12.74

5.57

7

1351

0.215

<.0001

-42

-62

52

11.76

5.41

<.0001

1407
1351

0.065

4

-58

-20

11.53

5.38

<.0005

0.145

-24

-54

68

10.51

5.19

22

<.0001

873

0.096

56

-44

4

10.36

5.16

5

<.0001

1351

0.156

-38

-48

62

9.76

5.04

<.0001

788

0.086

-44

-44

-34

9.67

5.02

<.0001

22

873

0.105

50

-60

14

8.78

4.82

<.0001

R

13

873

0.075

52

-46

20

8.61

4.78

<.0001

R

40

734

0.111

54

-44

50

8.50

4.75

<.0001

R

2

734

0.083

62

-30

42

8.20

4.68

<.0001

Middle Temporal Gyrus

L

21

950

0.167

-46

8

-36

7.38

4.45

<.0001

Superior Temporal
Gyrus
Mid-Cingulate Gyrus

L

38

950

0.199

-46

14

-16

6.92

4.31

<.0001

L

24

796

0.069

-4

0

44

6.36

4.13

<.0001

Middle Temporal Gyrus

R

21

873

0.161

62

-46

-2

6.26

4.10

<.0001

Mid-Cingulate Gyrus

R

32

796

0.064

6

12

44

6.00

4.00

<.0001

Cerebellum, Tuber

L

788

0.066

-36

-62

-38

5.89

3.96

<.0001

Mid-Cingulate Gyrus

L

796

0.062

-8

16

34

5.59

3.85

<.001

Cerebellum, Tonsil

L

788

0.055

-38

-52

-42

5.37

3.76

<.0001

Middle Temporal Gyrus

R

498

0.131

50

-60

10

7.39

4.46

<.0001

Cerebellum, Declive

R

253

0.091

32

-58

-18

4.29

4.29

<.001

Cerebellum, Culmen

R

253

0.075

24

-56

-22

5.69

3.89

<.0001

Cerebellum, Culmen

L

66

0.072

-32

-56

-34

4.84

3.53

<.0005

Cerebellum, Tuber

L

66

0.099

-38

-62

-38

4.77

3.51

<.0005

Postcentral Gyrus

L

5

68

0.085

-38

-48

66

4.69

3.47

<.0005

Superior Temporal
Gyrus
Postcentral Gyrus

R

22

498

0.093

54

-52

12

4.65

3.45

<.0005

R

1

57

0.047

58

-28

40

4.06

3.15

<.0001

Supramarginal Gyrus

R

40

57

0.075

56

-42

36

3.96

3.10

<.001

Postcentral Gyrus

L

2

68

0.074

-32

-40

64

3.69

2.96

<.0005

Mid-Cingulate Gyrus

R

32

Cerebellar Lingual

R

Postcentral Gyrus

R

Superior Parietal
Lobule
Mid-Cingulate Gyrus

32
39

37

0.082

4

14

42

3.32

2.75

<.005

253

0.026

6

-50

-22

3.24

2.70

<.005

40

43

0.083

52

-36

54

3.26

2.70

<.005

L

7

10

0.082

-42

-62

54

3.22

2.68

<.0005

L

24

848

0.058

-4

0

46

7.55

4.50

<.0001

Mid-Cingulate Gyrus

R

32

848

0.061

6

12

42

7.32

4.43

<.0001

Postcentral Gyrus

R

1

456

0.042

58

-28

42

7.08

4.36

<.0001

Lingual Gyrus

R

19

384

0.054

18

-58

-10

6.81

4.28

<.0001

Inferior Parietal Lobule

R

40

456

0.051

58

-32

38

6.78

4.26

<.0001
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Medial Frontal Gyrus

L

32

848

0.050

-6

8

48

6.26

4.10

<.0001

Middle Temporal Gyrus

R

22

472

0.048

56

-44

4

6.12

4.04

<.0001

Cerebellum, Culmen

R

384

0.053

12

-50

-8

6.10

4.04

<.0001

Inferior Parietal Lobule

L

40

582

0.065

-54

-46

42

5.78

3.92

<.0001

Postcentral Gyrus

R

2

456

0.040

56

-30

48

5.39

3.77

<.0001

Cerebellum, Declive

R

384

0.053

26

-54

-20

4.89

3.56

<.0005

Superior Temporal
Gyrus
Mid-Cingulate Gyrus

L

38

145

0.090

-54

4

-12

4.68

3.47

<.0005

R

24

848

0.046

6

2

48

4.42

3.34

<.0001

Superior Temporal
Gyrus
Cerebellum, Culmen

R

13

472

0.057

58

-44

18

4.32

3.29

<.001

20

0.043

-32

-42

-36

4.20

3.23

<.001

Middle Temporal Gyrus

R

21

472

0.038

64

-44

-2

3.99

3.12

<.001

Middle Temporal Gyrus

L

21

145

0.051

-52

-4

-24

3.92

3.08

<.005

Superior Temporal
Gyrus
Superior Temporal
Gyrus
Cerebellum, Declive

R

22

472

0.063

50

-60

12

3.76

3.00

<.001

R

13

133

0.048

46

-46

12

5.76

3.91

<.0001

18

0.028

24

-54

-18

3.98

3.11

<.001

Medial Frontal Gyrus

L

21

0.051

-6

6

50

3.75

3.00

<.005

Cerebellum, Culmen

R

18

0.028

26

-48

-16

3.44

2.81

<.005

Mid-Cingulate Gyrus

L

32

36

0.040

-2

10

40

3.29

2.72

<.005

Seed

Gyrus/Sulcus

H

BA

Cluster
Size

Beta
Values

t(12)

Z
score

p FWE

X

MNI
Coordinate
Y

Z

Left
Basolateral

Superior Frontal Gyrus

L

6

152

0.260

-18

26

60

8.09

4.65

<.001

Middle Frontal Gyrus

R

9

38

0.105

40

30

34

6.37

4.13

=.005

Middle Frontal Gyrus

R

8

157

0.256

50

22

40

5.99

4.00

=.006

Middle Frontal Gyrus

R

9

44

0.117

36

32

34

5.06

3.64

=.026

Superior Frontal Gyrus

L

6

30

0.106

-6

26

60

4.77

3.51

=.037

Middle Frontal Gyrus

R

9

76

0.064

36

30

36

4.55

3.40

=.047

Right
Centromedial

L

R
32

Table s3 B)

Right
Basolateral
Left
Centromedial
Right
Centromedial

ns

A) Follow-up comparisons from the ANOVA interaction, p < .005, k = 10.
B) Small volume correction a-priori analysis, FWE-corrected p < .05, k =10. Abbreviations: FWE = Family
wise error, Unc. = uncorrected p-value, BA = Broadmann Area, H = Hemisphere.
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Table s4. 2 Sample Control and PTSD Patient Contrasts for Resting-sate Amygdala
Functional Connectivity
Table s4 A)
Seed

Left
Basolateral

Gyrus/Sulcus

Control >
PTSD-DS
Control <
PTSD-DS

Control >
PTSD+DS

Right
Basolateral

Control <
PTSD+DS
Control >
PTSD-DS
Control <
PTSD-DS

H

BA

Cluster
Size

Beta Values

MNI Coordinate

Control

PTSD

X

Y

Z

t(df)

Z
score

p
Unc.

ns
Superior Parietal
Lobule
Postcentral Gyrus

L

7

439

0.020

0.146

-32

-56

62

8.15(74)

6.88

<.0001

L

40

439

0.018

0.158

-42

-40

60

7.94(74)

6.73

<.0001

Inferior Parietal
Lobule
Inferior Parietal
Lobule
Postcentral Gyrus

L

40

439

0.026

0.173

-44

-50

56

7.29(74)

6.31

<.0001

R

40

228

0.015

0.128

56

-46

42

7.14(74)

6.21

<.0001

R

2

228

0.027

0.161

60

-30

44

6.95(74)

6.08

<.0001

Middle Temporal
Gyrus
Supramarginal Gyrus

R

39

506

0.015

0.108

50

-58

8

6.55(74)

5.80

<.0001

R

40

228

0.019

0.117

58

-44

38

6.36(74)

5.66

<.0001

Cerebellum, Culmen

R

858

0.009

0.093

18

-52

-18

6.12(74)

5.49

<.0001

Middle Temporal
Gyrus
Fusiform Gyrus

L

21

472

0.050

0.198

-48

10

-30

6.09(74)

5.46

<.0001

L

20

472

0.047

0.152

-54

-4

-28

6.06(74)

5.45

<.0001

Postcentral Gyrus

L

2

439

0.033

0.189

-32

-40

68

5.92(74)

5.34

<.0001

Cerebellum, Tonsil

L

327

0.001

0.087

-36

-50

-40

5.22(74)

4.80

<.0001

Cerebellum, Declive

R

858

0.007

0.077

32

-56

-24

4.94(74)

4.58

<.0001

Cerebellum, Culmen

L

327

0.026

0.144

-44

-52

-38

4.94(74)

4.58

<.0001

Cerebellum, Tuber

L

327

0.027

0.135

-42

-58

-36

4.56(74)

4.25

<.0001

Lingual Gyrus

R

19

858

-0.003

0.072

22

-60

-8

4.53(74)

4.24

<.0001

Dorsal Posterior
Cingulate Gyrus
Mid-Cingulate Gyrus

L

24

307

0.028

0.090

-8

10

36

4.14(74)

3.91

<.0001

R

24

307

0.018

0.075

4

0

38

3.26(74)

3.14

<.001

Superior Temporal
Gyrus
Postcentral Gyrus

R

39

767

0.017

-0.142

52

-56

8

8.95(51)

6.91

<.0001

L

5

1211

0.011

-0.026

-38

-46

62

8.92(51)

6.89

<.0001

Cerebellum, Declive

R

1097

0.023

-0.075

26

-66

-22

8.84(51)

6.85

<.0001

Inferior Parietal
Lobule
Postcentral Gyrus

R

40

499

0.018

-0.167

56

-38

50

8.43(51)

6.64

<.0001

L

2

1211

0.034

-0.152

-34

-42

66

8.42(51)

6.63

<.0001

Cerebellum, Tuber

L

606

0.032

-0.114

-42

-60

-34

8.00(51)

6.49

<.0001

Cerebellum, Culmen

L

606

0.027

-0.126

-44

-48

-34

8.12(51)

6.47

<.0001

Postcentral Gyrus

R

499

0.032

-0.122

60

-26

42

7.87(51)

6.34

<.0001

Cerebellum, Culmen

R

1097

0.022

-0.097

18

-54

-14

7.83(51)

6.31

<.0001

Cerebellum, Tonsil

L

606

0.015

-0.143

-42

-46

-40

6.86(51)

5.77

<.0001

Mid-Cingulate Gyrus

L

24

1272

0.046

-0.083

-8

14

32

6.90(51)

5.77

<.0001

Mid-Cingulate

R

24

1272

0.048

-0.069

6

0

46

5.01(51)

5.06

<.0001

Superior Frontal
Gyrus
ns

L

6

1272

0.036

-0.070

-4

4

54

4.08(51)

3.78

<.0001

Postcentral Gyrus

R

2

13

0.040

-0.013

56

-28

40

3.66(74)

3.50

<.0005

Middle Temporal
Gyrus

L

21

260

0.015

0.153

-48

10

-28

5.15(74)

4.74

<.0001

3
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Control >
PTSD+DS
Control <
PTSD+DS

Left
Centromedial

Control >
PTSD-DS
Control <
PTSD-DS

Control >
PTSD+DS
Control <
PTSD+DS

Right
Centromedial

Control >
PTSD-DS
Control <
PTSD-DS
Control >
PTSD+DS
Control <
PTSD+DS

Inferior Parietal
Lobule
Postcentral Gyrus

L

40

246

0.008

0.068

-44

-50

56

5.09(74)

4.70

<.0001

L

40

246

0.021

0.110

-44

Cerebellum, Culmen

R

254

0.018

0.017

24

-36

58

4.91(74)

4.55

<.0001

-58

-28

4.25(74)

4.24

<.0001

Supramarginal Gyrus

R

40

19

0.016

0.086

Superior Temporal
Gyrus
Postcentral Gyrus

R

22

247

0.021

0.096

58

-44

38

3.74(74)

3.74

<.0005

62

-42

20

4.55(74)

3.67

<.0001

L

2

246

0.028

0.144

-32

-40

68

3.83(74)

3.64

<.0005

Dorsal Posterior
Cingulate Gyrus
Inferior Parietal Lobe

L

24

47

-0.011

0.045

-8

-10

40

3.82(74)

3.64

<.0005

R

40

Cerebellum, Tuber

L

247

0.020

0.091

60

-46

22

4.55(74)

3.37

<.0005

136

0.018

0.080

-32

-62

-38

3.50(74)

3.36

<.0005

Cerebellum, Declive

R

254

0.023

0.081

32

-58

-22

3.15(74)

3.04

<.001

107

0.023

0.128

48

-60

8

5.97(51)

5.17

<.0001
<.0001

ns
Middle Temporal
Gyrus
Cerebellum, Culmen

R

39

L

73

0.005

0.088

-32

-54

-32

4.00(51)

3.71

Cerebellum, Tuber

L

73

0.022

0.097

-36

-62

-38

3.61(51)

3.39

<.001

Cerebellum, Tonsil

L

73

0.016

0.091

-36

-48

-40

3.54(51)

3.33

<.0001

Inferior Parietal Lobe

R

32

0.024

0.114

56

-42

48

3.44(51)

3.21

<.001

Cerebellum, Declive

R

30

0.007

0.085

26

-56

-20

3.35(51)

3.17

<.001

Postcentral Gyrus

L

10

0.014

0.078

-32

-38

64

3.14(51)

3.00

<.005

10

0.005

0.050

-42

-52

-30

3.63(74)

3.47

<.0005

40
3

ns
Cerebellum, Culmen

L

Inferior Temporal
Gyrus
Superior Temporal
Gyrus
Cerebellum, Culmen

L

21

10

0.007

0.067

-58

-8

-22

3.59(74)

3.43

<.0005

R

22

10

0.008

0.056

60

-40

10

3.31(74)

3.18

<.001

10

-0.001

0.043

14

-64

-12

3.21(74)

3.09

<.001

R

Middle Temporal
Gyrus
ns

L

21

10

0.016

0.062

-48

10

-32

2.66(74)

2.60

<.005

Inferior Parietal
Lobule
Mid-Cingulate Gyrus

R

40

157

0.004

0.062

58

-34

46

5.45(51)

4.81

<.0001

L

24

59

0.010

0.064

-8

2

50

4.48(51)

4.09

<.0001

Lingual Gyrus

R

19

155

0.009

0.037

18

-58

-8

4.15(51)

3.83

<.0001

Superior Parietal
Lobule
Cerebellum, Declive

L

7

33

0.011

0.054

-32

-52

50

4.04(51)

3.75

<.0001

R

155

0.006

0.050

20

-54

-18

3.62(51)

3.40

=.0003

Inferior Frontal Gyrus

R

247

0.002

0.095

54

24

24

3.61(51)

3.38

<.0001

Cerebellum, Culmen

R

23

0.014

0.052

6

-50

-14

3.53(51)

3.32

<.0005

Superior Temporal
Gyrus
Inferior Parietal
Lobule
ns

R

13

120

0.015

0.063

60

-44

20

3.14(51)

3.00

=.0013

L

40

55

0.021

-0.023

-36

-46

46

3.38(74)

3.38

<.0005

H

BA

Cluster
Size

t(df)

Z
score

p
FWE

45

ns
ns

Table s4 B)
Seed

Gyrus/Sulcus

Beta Values
Control

PTSD

MNI Coordinate
X

Y

Z
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Left
Basolateral

Right
Basolateral

Left
Centromedial

Right
Centromedial

Control >
PTSD-DS
Control <
PTSD-DS
Control >
PTSD+DS
Control <
PTSD+DS
Control >
PTSD-DS
Control <
PTSD-DS
Control >
PTSD+DS
Control <
PTSD+DS
Control >
PTSD-DS
Control <
PTSD-DS
Control >
PTSD+DS
Control <
PTSD+DS
Control >
PTSD-DS
Control <
PTSD-DS
Control >
PTSD+DS
Control <
PTSD+DS

ns
Middle Frontal Gyrus

R

9

69

0.011

0.236

50

25

32

6.98(74)

6.10

<.0001

Middle Frontal Gyrus

R

9

75

0.038

-0.105

40

30

34

5.41(51)

4.79

<.0005

Superior Frontal
Gyrus
ns

L

6

14

0.029

-0.083

-12

18

60

4.28(51)

3.93

=.001

R

9

18

0.023

0.160

50

26

34

3.55(74)

3.40

=.029

R

9

10

0.029

0.147

42

32

34

3.63(51)

3.41

=.032

R

9

68

0.075

0.089

48

22

40

4.32(51)

3.97

=.004

ns
Middle Frontal Gyrus
ns
Middle Frontal Gyrus
ns
ns
ns
Precentral Gyrus
ns
ns
ns
ns

A) Follow-up comparisons from the ANOVA interaction, p < .005, k = 10.
B) Small volume correction a-priori analysis, FWE-corrected p < .05, k =10. Abbreviations: FWE = Family
wise error, Unc. = uncorrected p-value, BA = Broadmann Area, PTSD+DS = dissociative subtype PTSD
group, PTSD-DS = non-dissociative PTSD group, Control = age-matched control group. H = Hemisphere.
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Table s5. Means and Standard Deviations of Baseline Amygdala Complex BOLD
Activity
Amygdala Complex

Group

Mean

Left Centromedial Amygdala

PTSD+DS

524.47

Standard Deviation
41.89

PTSD-DS

515.54

74.93

Control

558.99

47.76

PTSD+DS

576.27

41.48

PTSD-DS

570.08

86.77

Control

601.66

48.18

PTSD+DS

540.03

10.83

PTSD-DS

531.97

65.79

Control

566.31

41.89

PTSD+DS

591.12

50.81

PTSD-DS

584.65

78.29

Control

612.12

61.36

Left Basolateral Amygdala

Right Centromedial Amygdala

Right Basolateral Amygdala

Mean signal intensity time courses of amygdala complexes for each group. Abbreviations: PTSD+DS =
dissociative subtype PTSD group, PTSD-DS = non-dissociative PTSD group, Control = age-matched
control group, BOLD = blood oxygen level dependent signal.
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Table s6. Baseline Amygdala Statistics
Variable
Left BLA

Right BLA

Left CMA

Right CMA

Levene's
Homogenity
Test
F(2, 86) = 3.161,
p <.047

F(2, 86) = 1.967,
ns

F(2, 86) = 3.092,
ns

F(2, 86) = 1.197,
ns

ANOVA
N/A

F(2, 86) = 2.039,
ns

F(2, 86) = 5.322,
p = .007

F(2, 86) = 4.243,
p = .018

Post Hoc
Comparisions

Tukey-Kramar
HSD

Games-Howell

PTSD+DS &
PTSD-DS

N/A

t(3, 44) = .33, ns

PTSD-DS &
Control

N/A

t(3, 53) = 1.94,
ns

PTSD+DS &
Control

N/A

t(3, 23) = 1.84,
ns

PTSD+DS &
PTSD-DS

N/A

N/A

PTSD-DS &
Control

N/A

N/A

PTSD+DS &
Control

N/A

N/A

PTSD+DS &
PTSD-DS

q(3, 86) = 0.65,
ns

N/A

PTSD-DS &
Control

q(3, 86) = 4.470,
p = .006

N/A

PTSD+DS &
Control

q(3, 86) = 2.56,
ns

N/A

PTSD+DS &
PTSD-DS

q(3, 86) = 0.67,
ns

N/A

PTSD-DS &
Control

q(3, 86) = 4.02, p
= .015

N/A

PTSD+DS &
Control

q(3, 86) = 2.21,
ns

N/A

Abbreviations: PTSD+DS = dissociative subtype PTSD group, PTSD-DS = non-dissociative PTSD group,
Control = age-matched control group, CMA= centromedial amygdala baseline activity, BLA= basolateral
amygdala baseline activity, N/A = not applicable.
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Supplemental Methods
Statistical Analyses
Absolute activation patterns in the insula and amygdala were compared within groups to
potentially elucidate underlying neural mechanisms related to inhibitory/excitatory
connections between the insula and amygdala. A repeated measures analysis of variance
(ANOVA) was computed for each group (non-dissociative PTSD, dissociative subtype
PTSD, and the control group), comparing mean centered absolute activation in the
bilateral amygdala and insula (see Table s1 for descriptive statistics). If sphericity
assumptions were violated, Greenhouse-Geisser corrections were applied to the degrees
of freedom. Follow-up paired sample t-tests were then used for significant ANOVA tests,
which compared participant matched absolute values from the insula and amygdala.

Supplemental Results
Mauchlys test of sphericity was significant for all ANOVAs; Greenhouse-Geisser
corrections were therefore applied. Significant differences were found when comparing
insula and amygdala absolute activation values, for all groups, and therefore, follow-up ttests were computed (see Table s2). Results indicate that the bilateral insula, displays
increased absolute activation as compared to the bilateral amygdala, in all groups.
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Table s1. Means and Standard Deviations of Absolute Insula and Amygdala BOLD Activity

Amygdala Complex

Group

Mean

Standard Deviation

Left Insula

PTSD-DS

764.4

163.2

PTSD+DS

774.9

104.2

Control

820.5

137.1

PTSD-DS

748.3

136.5

PTSD+DS

758.8

101.2

Control

808.8

55.9

PTSD-DS

559.7

112.6

PTSD+DS

584.6

93.3

Control

584.8

97.4

PTSD-DS

539.6

115.1

PTSD+DS

548.8

81.7

Control

570.0

97.1

Right Insula

Right Amygdala

Left Amygdala

Mean signal intensity time courses of the insula and amygdala for each group. Abbreviations: PTSD+DS =
dissociative subtype PTSD group, PTSD-DS = non-dissociative PTSD group, Control = age-matched
control group, BOLD = blood oxygen level dependent signal.
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Table s2. Absolute Activation Statistics

Group
PTSD+DS

PTSD-DS

Mauchly’s Test
of Sphericity
χ² (5) = 38.3,

F(1.3, 20) = 51.3,

p < .001

p < .001

χ² (5) = 53.3,
p < .001

Control

ANOVA

χ² (5) = 94.1,
p < .001

F(1.8, 79) = 227.3,
p < .001

F(1.4, 56) = 177.8,
p < .001

Post Hoc
Comparisons

Games-Howell

Right Insula &
Right
Amygdala

t(16) = 6.56, p < . 001

Right Insula &
Left Amygdala

t(16) = 7.81, p < . 001

Left Insula &
Right
Amygdala

t(16) = 6.75, p < . 001

Left Insula &
Left Amygdala

t(16) = 8.10, p < . 001

Right Insula &
Right
Amygdala

t(43) = 16.52, p < . 001

Right Insula &
Left Amygdala

t(43) = 17.81, p < . 001

Left Insula &
Right
Amygdala

t(43) = 14.09, p < . 001

Left Insula &
Left Amygdala

t(43) = 18.16, p < . 001

Right Insula &
Right
Amygdala

t(39) = 13.80, p < . 001

Right Insula &
Left Amygdala

t(39) = 14.51, p < . 001

Left Insula &
Right
Amygdala

t(39) = 21.76, p < . 001

Left Insula &
Left Amygdala

t(39) = 23.59, p < . 001

Abbreviations: PTSD+DS = dissociative subtype PTSD group, PTSD-DS = non-dissociative PTSD group,
Control = age-matched control group.
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Supplemental Results
Table s1. 1 Sample Amygdala Complex Resting-state Functional Connectivity for
Pre and Post Neurofeedback

a) Pre Neurofeedback
Amygdala
Complex Seed
Left BLA

Gyrus/Sulcus

Hemisphere

Cluster

BA

Beta

MNI

Size

Value

Coordinate

Z Score

t(20)

p

x

y

z

Dorsal PAG

L

122

0.140

-4

-32

-10

6.83

14.01

<.0001

Putamen, Lentiform

L

123

0.140

-26

-18

-2

6.32

11.58

<.0001

R

123

0.110

6

-44

-24

5.52

8.64

<.0001

PCC

R

121

0.092

4

-36

24

3.79

4.66

<.0001

Putamen, Lentiform

L

123

0.120

-28

-14

-6

6.56

12.63

<.0001

Dorsal PAG

L

122

0.102

-2

-24

-12

6.15

10.85

<.0001

Dorsal PAG

R

122

0.100

2

-32

-10

5.19

7.69

<.0001

Cerebellum, Anterior

R

113

0.085

10

-38

-24

4.51

6.06

<.0001

PCC

R

111

0.070

6

-38

28

3.39

4.00

<.0005

Putamen, Lentiform

L

123

0.140

-26

-16

-6

7.28

16.70

<.0001

Dorsal PAG

L

122

0.108

-6

-32

-8

6.58

12.73

<.0001

Brainstem, Red

L

122

0.107

-4

-24

-12

6.33

11.61

<.0001

R

123

0.082

10

-42

-32

4.56

6.16

<.0001

R

123

31

0.100

6

-36

32

4.30

5.61

<.0001

16

10

0.255

-2

60

-8

2.70

3.01

<.02

L

123

0.110

-26

-14

-4

6.28

11.68

<.0001

Dorsal PAG

L

122

0.118

-4

-24

-12

6.04

10.42

<.0001

Dorsal PAG

R

122

0.110

2

-32

-10

5.55

8.75

<.0001

Cerebellum, Anterior

R

117

0.055

6

-44

-24

4.62

6.28

<.0001

PCC

R

123

0.085

6

-34

30

4.30

5.62

<.0001

Putamen, Lentiform
Hippocampus
Nucleus
Dorsal PAG
Cerebellum, Anterior
PCC
Lobe CUlmen
Putamen, Lentiform

L
L
L
R
R
L

123
123
122
123
123
123

0.115
0.160
0.125
0.081
0.085
0.100

-26
-30
-6
10
6
-26

-20
-18
-32
-42
-34
-14

-2
-12
-12
-32
30
-6

6.89
5.22
6.47
4.97
4.37
6.23

14.33
7.77
12.23
7.12
5.75
9.40

<.0001
<.0001
<.0001
<.0001
<.001
<.0001

Nucleus
Cerebellum, Anterior
Lobe Culmen
Right BLA

23

Nucleus

Lobe Culmen
Left CMA

31

Nucleus

Nucleus
Cerebellum, Anterior
Lobe Culmen
PCC
mPFC*
Right CMA

Putamen, Lentiform
Nucleus

Lobe Culmen
Left SFA

Right SFA

23

23
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Nucleus
Dorsal PAG

L

122

0.090

-4

-24

-12

5.80

9.57

<.0001

Dorsal PAG

R

122

0.090

2

-32

-10

5.16

7.62

<.0001

Cerebellum, Anterior

R

98

0.075

10

-38

-24

4.42

4.85

<.0001

R

123

31

0.065

6

-36

32

3.77

4.63

<.0001

Cluster

BA

Z Score

t(20)

p

Lobe Culmen
PCC

b) Post Neurofeedback
Amygdala
Complex Seed
Left BLA

Beta

MNI

Size

Value

Coordinate
x

y

z

L

123

0.120

-28

-14

-8

5.97

10.17

<.0001

Dorsal PAG

L

123

0.125

-6

-26

-12

5.44

8.41

<.0001

Dorsal PAG

R

123

0.105

2

-24

-12

5.23

7.82

<.0001

Cerebellum, Anterior

R

123

0.135

2

-38

-24

5.17

7.64

<.0001

R

123

31

0.100

6

-30

32

4.24

5.49

<.0001

46

10

0.300

0

60

-4

3.17

3.67

<.005

L

123

0.120

-26

-14

-4

6.89

14.35

<.0001

Dorsal PAG

L

123

0.090

-4

-24

-10

5.57

8.80

<.0001

Cerebellum, Anterior

R

123

0.090

10

-42

-32

5.52

8.65

<.0001

PCC

R

123

31

0.090

10

-34

30

4.75

6.60

<.0001

mPFC*

L

31

10

0.400

-4

64

-2

3.03

3.46

<.0001

Putamen, Lentiform

L

123

0.140

-26

-14

-6

6.98

14.81

<.0001

Dorsal PAG

R

123

0.090

4

-28

-10

4.58

6.21

<.0001

Cerebellum, Anterior

R

123

0.090

10

-42

-32

4.94

7.04

<.0001

PCC

R

123

23

0.085

10

-36

28

4.53

6.099

<.0001

mPFC*

R

68

10

0.390

2

60

-4

3.14

3.63

<.01

Putamen, Lentiform

L

123

0.120

-26

-14

-8

5.97

10.16

<.0001

Dorsal PAG

L

123

0.085

-6

-24

-10

5.28

7.94

<.0001

Dorsal PAG

R

123

0.090

4

-28

-10

5.05

7.33

<.0001

PCC

R

123

0.105

4

-32

32

4.96

7.10

<.0001

Cerebellum, Anterior

R

123

0.090

6

-42

-24

5.18

7.66

<.0001

mPFC*

L

18

0.350

-4

64

-2

2.72

3.01

<.05

Putamen, Lentiform

L

123

0.100

-26

-14

-4

5.28

7.95

<.0001

Dorsal PAG

L

123

0.100

-6

-32

-12

4.82

6.76

<.0001

PCC

R

123

0.090

8

-36

32

4.73

6.53

<.0001

Cerebellum, Anterior

R

123

0.075

10

-44

-30

4.40

5.82

<.0001

Gyrus/Sulcus

Putamen, Lentiform

Hemisphere

Nucleus

Lobe Culmen
PCC
mPFC*
Right BLA

Putamen, Lentiform
Nucleus

Lobe Culmen

Left CMA

Nucleus

Lobe Culmen

Right CMA

Nucleus

31

Lobe Culmen
Left SFA

10

Nucleus
23

Lobe Culmen
Right SFA

mPFC*

R

78

Cerebellum, Anterior

R

123

Lobe Culmen

10

0.300

2

60

-4

3.37

3.96

<.005

0.075

10

-44

-30

5.15

7.60

<.0001
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Putamen, Lentiform

L

123

0.090

-26

-16

-6

5.68

9.15

<.0001

Dorsal PAG

R

123

Dorsal PAG

L

123

0.085

4

-28

-10

5.38

8.25

<.0001

0.100

-6

-32

-12

5.38

8.24

PCC

R

123

<.0001

23

0.065

12

-32

28

4.84

6.79

<.0001

mPFC*

L

61

10

0.255

-2

58

-2

2.89

3.26

<.05

Nucleus

Follow-up analysis from the ANOVA interaction, one-sample amygdala complex functional connectivity
for both pre and post neurofeedback, p-uncorrected < .005, k =10. Asterisks indicates the a-priori region-ofinterest analysis, p-FWE < .05, k =10. Abbreviations: BA = Brodmann area, BLA = basolateral amygdala
complex, CMA = centromedial amygdala complex, SFA = superficial amygdala complex, PAG =
periaqueductal gray, PCC = posterior cingulate cortex, mPFC= medial prefrontal cortex.
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Table s1: 3 (Condition) × 3 (Run) Repeated Measures ANOVA Whole Brain Offline
Analysis

Analysis

Main Effect of Run

Gyrus/Sulcus

H

BA

Cluster
Size

MNI Coordinate
x

y

z

F(2, 27)

Z
score

p FDR

Dorsomedial PFC

R

32

1687

8

16

50

27.00

5.99

<.001

Dorsolateral PFC

R

46

1687

36

36

22

21.05

5.35

<.001

Mid Cingulate

L

24/32

97

-14

14

36

24.07

5.69

<.05

Inferior Frontal Gyrus

L

9

137

-56

8

30

24.04

5.69

<.005

R

47

484

40

28

0

20.84

5.33

<.001

Dorsomedial PFC

R

105

16

38

34

19.25

5.13

<.05

Cerebellum, Posterior
Lobe

L

1420

-36

-78

-32

19.04

5.01

<.001

Dorsolateral PFC

L

8

537

-28

10

60

18.87

5.08

<.001

Dorsolateral PFC

R

6

408

22

12

54

17.92

4.95

<.001

Cerebellar Culmen,
Lobule 6

R

235

30

-52

-32

17.51

4.90

<.001

Dorsal PCC

R

31

289

2

-26

38

16.87

4.81

<.001

Precuneus

R

7

217

14

-50

60

15.00

4.54

<.001

Middle Temporal Gyrus

R

39

421

38

-64

18

14.60

4.47

<.001

Rostral ACC

R

32

135

6

42

0

14.56

4.46

<.001

Dorsomedial PFC

R

9

140

30

46

38

14.34

4.34

<.005

Hippocampus

L

112

-34

-22

-8

13.74

4.33

<.05

Cerebellar Culmen,
Vermis

R

176

42

-62

-14

13.22

4.24

<.005

Mid Cingulate

R

221

6

20

24

11.40

3.93

<.001

33

Repeated measures analysis of variance for offline whole-brain activation during neurofeedback, main
effect of run, FDR-corrected gray matter clusters (p-FDR < .05, k = 10). We found non-significant results
for the run by condition interaction. Abbreviations: BA = Brodmann area, FDR = False discovery rate
corrected threshold, H = hemisphere, PFC = Prefrontal Cortex, PCC = Posterior Cingulate Cortex, ACC =
Anterior Cingulate Cortex.
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Appendix J: Chapter 6 Supplemental Material
Supplemental Methods
Participants
The participants were recruited by the LHSC (London Health Sciences Centre)
Department of Psychiatry from 2009–2016 via referrals from family physicians, mental
health professionals, psychology/psychiatry clinics, community programs for traumatic
stress survivors, and posters/advertisements within the London, Ontario community.
Exclusion criteria for all participants included: noncompliance with 3 T fMRI safety
standards, significant untreated medical illness, pregnancy, a history of neurological or
pervasive developmental disorders, and previous head injury with loss of consciousness.
A battery of questionnaires was also administered, including the Childhood Trauma
Questionnaire (CTQ; Bernstein et al., 2003), Beck's Depression Inventory (BDI; Beck et
al., 1997), and the Multiscale Dissociation Inventory (MDI; Briere, 2002) which is a
standard 30-item test of 6 types of responses: disengagement, depersonalization,
derealization, emotional constriction, memory disturbance, and identity. Participants took
part in a 6-minute eyes-closed resting-state scan following standard methods (Ichesco et
al., 2014; Fox et el., 2005; Fransson et al., 2005; Harricharan et al., 2016; Nicholson et
al., 2015). We also examined self-report questionnaires of state depersonalization and
derealization symptoms during the scan [Response to Script Driven Imagery (RSDI)
adapted for resting-state scans (Hopper et al. 2007)]. Here, we found that state
dissociative symptoms are higher in dissociative subtype PTSD patients [t(82) = 2.19, p <
.05)] as compared to PTSD. This is not unexpected as dissociative PTSD patients often
present with chronic symptoms of depersonalization and derealization. In addition, we
found that trait (MDI depersonalization/derealization averages) and state (RSDI
depersonalization/derealization averages) symptoms of dissociation were significantly
correlated in our sample (r=.446, p <.001). Importantly, both PTSD and the dissociative
subtype display both resting-state and symptom provocation fear/emotion circuitry
biomarkers that parallel each groups’ unique symptom profiles (Harricharan et al., 2016;

245

Hopper et al., 2007; Nicholson et al., 2015). Hence, PTSD patients are characterized by
unique defensive tendencies at rest, which may not require activation through symptom
provocation.
Clinical Data and Motion Statistical Analyses
We computed one-way ANOVAs in order to observe any between group differences with
regard to the CAPS-total, CTQ, BDI, MDI-total and MDI depersonalization/derealization
average scores. If Levene’s test of homogeneity of variance was violated, we then
conducted Welch’s ANOVAs and Games-Howell post-hoc analyses to adjust for unequal
variances. Additional motion outlier regressors were created through ART software,
which were used to calculate extra regressors for motion outliers and movement and were
included in each participant’s first-level GLM. Here, we computed chi-squared statistics
on the number of motion outlier parameters generated by ART across each group.
Furthermore, some of PTSD patients were taking SSRIs, SNRIs, benzodiazepines and
atypical antipsychotics at the time of study. Hence, we conducted a chi-squared analysis
examining potential differences in the frequency of medication use between groups.
Image Acquisition
We utilized a 3 Tesla MRI Scanner (Trio, Siemens Medical Solutions, Erlangen,
Germany) with a 32 channel head coil for brain imaging. During the resting-state scan,
120-volumes of whole brain BOLD images were acquired with a gradient echo T2*
weighted echo-planar-imaging (EPI) pulse sequence (single-shot, blipped-EPI,
interleaved slice acquisition order and tridimensional prospective acquisition correction)
with the following parameters: TR = 3000 ms, TE = 20 ms, isotropic resolution 2mm,
FOV = 192 × 192 × 128 mm3 (94 × 94 matrix, 64 slices), flip angle = 90°. Highresolution T1-weighted anatomical images were acquired with a Magnetization Prepared
Rapid Acquisition Gradient Echo sequence (192 slices isotropic resolution 1mm).
fMRI Preprocessing
Preprocessing of the functional images was performed with SPM12 (Wellcome
Department of Cognitive Neurology, London, UK). After discarding the 4 initial
volumes, the standard preprocessing routine included spatial alignment to the mean
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image using a rigid body transformation, reslicing, and coregistration of the functional
mean image to the anatomical. We then performed segmentation of all tissue types, and
normalization to the Montreal Neurological Institute (MNI) standard template. The
forward deformation fields used to normalize are generated without resampling the voxel
size, where each subject was visually inspected to ensure precise normalization patterns
given the relatively small anatomical regions of interest. Images were then smoothed
using a 4mm kernel FWHM (in accordance with previous PAG connectivity papers; see
Harricharan et al., 2016; Thome et al., 2016). Additional correction for motion was
implemented using the ART software package (Gabrieli Lab, McGovern Institute for
Brain Research, Cambridge, MA), which computes regressors that account for outlier
volumes, in addition to the six movement regressors computed during standard
realignment in general linear modeling. The smoothed functional images were
subsequently bandpass filtered (high-pass 0.012 Hz, low-pass 0.1 Hz) to reduce the
signal-to-noise ratio (software by co-author Jean Théberge).
Bayesian Model Selection
The criterion exceedance probability that denoted model superiority in our DCM analysis
is arbitrary, as per Bayesian statistical theory (Friston et al., 2003; Stephan et al., 2010).
Some studies suggest that complete/absolute model superiority is denoted by models with
exceedance probabilities of greater than .95. Here, we lowered model superiority
thresholds to .80 given that we are working with patient populations, where Bastos-Leite
et al. (2014) denote model superior with an exceedance probabilities of .72 when working
with patients with schizophrenia. However, it is worth noting that exceedance
probabilities of > 0.95 has been adopted as the standard for ‘strong evidence’, mostly as
an acknowledgement to the p < 0.05 alpha threshold in classic statistics, and the labels
assigned to Bayes factors by Kass and Raftery (1995). Hence, there is no concept of
‘significant’ in Bayesian statistics where the exact thresholds are entirely arbitrary.
Furthermore, Bayesian inferences such as the aforementioned protocol are more
interpretable than corresponding classical inferences and furthermore eschew the multiple
comparison problem.
Supplemental Results
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Clinical Data and Motion Artefacts
We found that all three groups (PTSD, PTSD+DS and controls) differed significantly in
terms of CAPS-total, CTQ, BDI, MDI-total and MDI depersonalization/derealization
average scores (see Table s1). Our analysis regarding motion outliers yielded nonsignificant results when comparing observed outlier frequencies across groups X2 (2, N =
155) = 0.902, ns. Additionally, the relationship between medication use frequency and
group was found to be non-significant X2 (1, N = 103) = 0.611, ns.
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Table s1. Clinical Data Statistical Analyses
Variable

Levene's

Welch 's ANOVA

Homogenity

Post-Hoc

Games-

Comparison

Howell

PTSD & PTSD+DS

p < .001

PTSD & Control

p < .001

PTSD+DS &

p < .001

Test
CAPS-Total

F(2, 152) =

F(2, 51.78) =

52.91, p < .001

1129.21, p < .0001

Control
CTQ

F(2, 152) =

F(2, 77.70) =

30.73, p < .001

76.53, p < .0001

PTSD & PTSD+DS

p < .05

PTSD & Control

p < .001

PTSD+DS &

p < .001

Control
BDI

F(2, 152) =

F(2, 67.68) =

20.40, p < .001

347.05, p < .0001

PTSD & PTSD+DS

p < .001

PTSD & Control

p < .001

PTSD+DS &

p < .001

Control
MDI-total

F(2, 152) =

F(2, 62.17) =

23.61, p < .001

110.62, p < .0001

PTSD & PTSD+DS

p < .001

PTSD & Control

p < .001

PTSD+DS &

p < .001

Control
MDI

F(2, 152) =

F(2, 62.08) =

Depersonalization/

36.20, p < .001

69.95, p < .0001

PTSD & PTSD+DS

p < .001

PTSD & Control

p < .001

PTSD+DS &

p < .001

Derealization Average

Control

Abbreviations: PTSD= posttraumatic stress disorder, PTSD+DS= dissociative subtype posttraumatic stress
disorder patients, CAPS = Clinician Administered PTSD Scale, BDI = Beck’s Depression Inventory, MDI
= Multiscale Dissociation Inventory.
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Table s2. Bayesian Model Averaging
Group
PTSD

Node Pair in
Bayesian Model
Left BLA & PAG

Connection

Mean Connection
Strength (Hz)
- 0.4314

0.19333

0.1182

0.31041

PAG to Left BLA

0.0648

0.22955

PAG

-0.3683

0.11496

Left CMA

-0.4287

0.17050

Left CMA to PAG

0.0373

0.23554

PAG to Left CMA

0.1190

0.30335

PAG

-0.3647

0.14514

Right BLA

-0.4441

0.17356

Right BLA to PAG

0.0659

0.31860

PAG to Right BLA

0.0276

0.23920

PAG

-0.3826

0.14342

Right CMA

-0.4298

0.16300

Right CMA to PAG

0.0173

0.23169

PAG to Right CMA

0.0588

0.31393

PAG

-0.4058

0.15613

Left BLA

-0.3619

0.17249

Left BLA to vmPFC

0.1533

0.31219

vmPFC to Left BLA

0.0700

0.21805

vmPFC

-0.3839

0.17909

Left CMA

-0.3803

0.15822

Left CMA to vmPFC

0.1384

0.23391

vmPFC to Left CMA

0.1083

0.25439

vmPFC

-0.3839

0.17909

Right BLA

-0.3300

0.23374

Right BLA to vmPFC

0.1955

0.24887

vmPFC to Right BLA

0.0923

0.22159

vmPFC

-0.3994

0.16462

Right CMA

-0.3597

0.15181

Right CMA to
vmPFC
vmPFC to Right
CMA
vmPFC

0.1117

0.19963

0.1305

0.25656

-0.4130

0.15642

PAG

-0.3551

0.16523

PAG to vmPFC

0.0357

0.29251

vmPFC to PAG

0.0762

0.21888

vmPFC

-0.4054

0.16047

Left BLA

-0.4309

0.16720

Left BLA
Left BLA to PAG

Left CMA & PAG

Right BLA & PAG

Right CMA & PAG

Left BLA & vmPFC

Left CMA & vmPFC

Right BLA & vmPFC

Right CMA &
vmPFC

PAG to vmPFC

PTSD+DS

Left BLA & PAG

Std.
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Left CMA & PAG

Right BLA & PAG

Right CMA & PAG

Left BLA & vmPFC

Left CMA & vmPFC

Right BLA & vmPFC

Right CMA &
vmPFC

PAG to vmPFC

Healthy
Control

Left BLA & PAG

Left CMA & PAG

Left BLA to PAG

0.1168

0.23029

PAG to Left BLA

0.1063

0.18377

PAG

-0.3777

0.23030

Left CMA

-0.4574

0.20005

Left CMA to PAG

0.1359

0.21627

PAG to Left CMA

0.1161

0.23858

PAG

-0.3412

0.17308

Right BLA

-0.4357

0.21805

Right BLA to PAG

0.0593

0.23636

PAG to Right BLA

0.0636

0.24657

PAG

-0.3826

0.14342

Right CMA

-0.4431

0.21036

Right CMA to PAG

0.1308

0.24550

PAG to Right CMA

0.0817

0.24113

PAG

-0.4058

0.15613

Left BLA

-0.3164

0.19601

Left BLA to vmPFC

0.0817

0.26305

vmPFC to Left BLA

0.1225

0.18602

vmPFC

-0.4514

0.20577

Left CMA

-0.3444

0.15861

Left CMA to vmPFC

0.1071

0.25545

vmPFC to Left CMA

0.0937

0.25339

vmPFC

-0.4712

0.22519

Right BLA

-0.3590

0.15871

Right BLA to vmPFC

0.0703

0.25943

vmPFC to Right BLA

0.1086

0.22345

vmPFC

-0.4590

0.20068

Right CMA

-0.2723

0.16621

Right CMA to
vmPFC
vmPFC to Right
CMA
vmPFC

0.0490

0.20255

0.1519

0.23496

-0.5021

0.22986

PAG

-0.2710

0.13610

PAG to vmPFC

0.0987

0.24419

vmPFC to PAG

0.0952

0.21767

vmPFC

-0.5013

0.22428

Left BLA

-0.3911

0.12024

Left BLA to PAG

0.0221

0.26393

PAG to Left BLA

0.0511

0.25867

PAG

-0.4084

0.13579

Left CMA

-0.3719

0.08815
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Right BLA & PAG

Right CMA & PAG

Left BLA & vmPFC

Left CMA & vmPFC

Right BLA & vmPFC

Right CMA &
vmPFC

PAG to vmPFC

Left CMA to PAG

0.0301

0.21149

PAG to Left CMA

0.1205

0.28256

PAG

-0.4184

0.16805

Right BLA

-0.3865

0.15073

Right BLA to PAG

0.0516

0.28716

PAG to Right BLA

0.1063

0.20994

PAG

-0.3840

0.20452

Right CMA

-0.3783

0.12967

Right CMA to PAG

0.0682

0.24630

PAG to Right CMA

0.0793

0.26423

PAG

-0.3824

0.15043

Left BLA

-0.4092

0.13248

Left BLA to vmPFC

0.0439

0.33488

vmPFC to Left BLA

0.0478

0.24386

vmPFC

-0.3810

0.11067

Left CMA

-0.3800

0.13717

Left CMA to vmPFC

0.0819

0.23965

vmPFC to Left CMA

0.0747

0.28081

vmPFC

-0.3648

0.10779

Right BLA

-0.3702

0.14489

Right BLA to vmPFC

0.1189

0.28037

vmPFC to Right BLA

0.1189

0.22345

vmPFC

-0.3642

0.11027

Right CMA

-0.3973

0.15803

Right CMA to
vmPFC
vmPFC to Right
CMA
vmPFC

0.0513

0.27039

0.0534

0.23655

-0.3382

0.08429

PAG

-0.3895

0.14953

PAG to vmPFC

0.0340

0.28651

vmPFC to PAG

0.0810

0.22763

vmPFC

-0.3689

0.11440

Abbreviations: PTSD= posttraumatic stress disorder, PTSD+DS= dissociative subtype posttraumatic stress
disorder patients, Hz= hertz, Std.=standard deviation, CMA= centromedial amygdala, BLA= basolateral
amygdala, PAG= periaqueductal gray, vmPFC = ventromedial prefrontal cortex.
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